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ABSTRACT 
Seed composition is an important determinant of soybean marketing value. Final seed 
composition is influenced by genotype and environment during seed filling. Variation in 
protein or oil concentration may determine years or locations with deficits in soybean oil or 
meal yield. A general model of environmental effects on seed composition to predict regions 
and/or environmental conditions that produce consistently high quality soybeans is needed. 
One way to reduce environmental chances of protein deficits is to use high protein varieties. 
However, breeding for high protein concentration has been hindered by negative correlations 
with yield and oil. Discovering the physiological bases for environmental and genotypic 
variation in seed composition is fundamental to overcome these practical restrictions on 
improving soybean market value. The thesis is organized in five chapters that describe a 
series of related studies aimed at understanding the physiological bases of environmental and 
genotypic effects on soybean seed composition. Chapter 2 presents a meta-analytical 
approach to synthesize published data from studies addressing the effect of major 
environmental conditions on seed composition. Results showed that increases in seed 
component concentration are not necessarily linked to synthesis stimulation. Experiments 
described in Chapter 3 explore two hypotheses that emerged from the meta-analysis focused 
on the effect of water stress. Chapter 4 provides definitive evidence that assimilate supply per 
seed underlies genotypic differences in seed protein concentration. Chapter 5 expands on that 
discovery by relating variation in assimilate supply with the developmental processes that 
determine seed composition. Finally, experiments described in Chapter 6 utilize molecular 
markers to explore the genomic basis for two divergent physiological strategies soybeans use 
to produce high protein seed. 
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CHAPTER 1.  GENERAL INTRODUCTION 
Introduction 
Mature soybeans seeds typically contain 35 to 50% protein and 15 to 25% oil. The 
economic value of the soybean seed depends on its protein and oil concentration (Brumm and 
Hurburgh, 1990).  The final composition of the seed is known to vary by genotype and in 
response to environmental conditions during seed development (Brummer et al., 1997; 
Westgate et al., 1999; Vollmann et al., 2000; Yaklich et al., 2002; Fehr et al., 2003; Wilson, 
2004; Nichols et al., 2006). Although genetics are generally considered the main determinant 
of composition, environmental variation in protein or oil concentration may determine years 
or locations where deficits in crude soybean oil or protein meal yield occur (Brumm and 
Hurburgh, 1990).  A major challenge for the processing industry has been to develop a 
general model of environmental effects on seed composition to predict regions and/or 
environmental conditions that produce consistently high quality soybeans. 
One way to reduce the probability of protein deficits due to environmental conditions 
during seed filling is to expand acreage planted to high protein varieties. Substantial 
genotypic variation for seed protein concentration has been documented (Thorne and Fehr, 
1970; Brim and Burton, 1979; Wehrmann et al., 1987; Wilcox and Cavins, 1995; Cober and 
Voldeng, 2000; Alt et al., 2002).  But high seed protein concentration is frequently associated 
with less yield (Wilcox and Zhang, 1997; Wilcox and Shibles, 2001; Carter et al., 1982).  
Discovering the physiological bases for genotypic variation in seed composition is 
fundamental to overcome this practical restriction on improving the market value of 
soybeans. 
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Lack of consensus in the literature on how a change in environmental conditions 
would affect seed composition prompted us to employ a meta-analytical approach to 
synthesize published data on soybean seed composition.  The meta-analysis presented in 
Chapter 2 incorporates studies focused on effects of water stress, temperature, and N supply 
on soybean seed component contents and concentrations.  This approach exposed major 
differences in the way soybean seed respond to the environment in vitro and in planta.  
Results from the meta-analysis from Chapter 2 highlighted a contrasting effect of water 
stress on seed filling rate and seed composition. While seed filling rate were not affected by 
water stress, seed composition was consistently affected by this factor. Chapter 3 test two 
mechanistic hypothesis related to the previous observation. Results demonstrate that 
compensatory changes in the rate each individual seed component accumulates explain 
changes in composition while keep seed growth rate fairly constant.  
Several papers in the literature explored the role of assimilate supply (i.e. sucrose and 
amino acids) to the seed in explaining genotypic differences in seed protein concentration. 
We observed these previous reports to be contradictory regarding the importance of 
assimilates in determining genotypic variation. In Chapter 4 we resolved genotypic 
differences in seed protein concentration by evaluating responses to changes in assimilate 
supply on an ‘assimilate per seed’ basis instead on a ‘per plant’ basis, as was the common 
practice in previous reports.  
Seed developmental processes like component accumulation rate and duration are the 
ultimate determinant of seed composition. As such, it was not clear from the previous study 
which of these two processes were most impacted by assimilate supply to the seed. In 
Chapter 5 we expanded results from the previous chapter and investigates the role of 
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assimilate supply on the developmental processes that determined seed composition. Results 
indicated that assimilate supply was mostly related with the seed component accumulation 
rate rather than with the duration of the accumulation period. A novel finding from these two 
chapters was that breeding for high seed protein concentration was based on an increase in 
assimilate supply per seed. This increase, however, was more related with less seed set than 
more leaf area. This may be the link between high protein concentration and lower yields.  
There are plenty of reports of association between genomic regions and seed protein 
concentration in soybean (QTL analysis). However, none of these reports focused on the 
dissection of this complex trait in elemental processes. In Chapter 6 we explore the existence 
and genetic base of different physiological strategies to produce high protein genotypes. 
Findings from this chapter indicate that different strategies to produce high protein genotypes 
may exist within a genetically related population.  
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CHAPTER 2. META-ANALYSIS OF ENVIRONMENTAL 
EFFECTS ON SOYBEAN SEED COMPOSITION 
 
A paper published in Field Crops Research (2009) 110:147-156 
 
José L. Rotundo and Mark E. Westgate 
 
Abstract 
The value of commodity soybean depends on the concentration of protein and oil in 
the seeds. While seed composition is primarily genetically determined, environmental 
conditions during seed development also affect seed component accumulation, and can result 
in protein and/or oil deficits for meal or processing. To understand the general environmental 
effects on soybean composition, we conducted a meta-analysis of published data quantifying 
the effect of water stress, temperature stress, and/or nitrogen supply on seed protein and oil 
accumulation and their final concentrations.  The meta-analysis showed that water stress 
reduced the content (mg per seed) of protein, oil and residual seed fractions.  Protein 
accumulation, however, was less affected than were oil and residual accumulation, resulting 
in an increase in final protein concentration (% dry weight).  Growth at high temperature also 
increased protein concentration in a manner similar to that observed for water stress. But in 
neither case was the increase in protein concentration due to an increase in protein synthesis 
per se.  Increasing nitrogen supply to seeds cultured in vitro and to plants grown 
hydroponically increased both final seed protein concentration and content.  But the 
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magnitude of seed component response to experimental manipulation under field conditions 
was far less than that observed in the Uniform Soybean Regional Field Tests. Greater 
knowledge of the physiological processes that regulate these responses is essential to predict 
when and where future protein deficits might occur. Limitations of the meta-analysis 
approach and implications for future research on soybean seed composition are discussed. 
 
Introduction 
The economic value of the soybean seed depends on its protein and oil concentration 
(Brumm and Hurburgh, 1990; Hurburgh, 1994).  The final composition of the seed is known 
to vary by genotype and in response to environmental conditions during seed development 
(Brummer et al., 1997; Westgate et al., 1999; Vollmann et al., 2000; Yaklich et al., 2002; 
Fehr et al., 2003; Wilson, 2004; Nichols et al., 2006). Although genetics are generally 
considered the main determinant of composition, environmental variation in protein or oil 
concentration may determine years or locations where deficits in crude soybean oil or protein 
meal yield occur (Brumm and Hurburgh, 1990).  A major challenge for the processing 
industry has been to develop a general model of environmental effects on seed composition 
to predict regions and/or environmental conditions that produce consistently high quality 
soybeans.  
Soybean seed components are usually quantified in terms of their concentration ([mg 
component/mg dry weight]*100). This has practical value for marketing purposes, but 
provides little insight into the genetic or physiological basis for regional or environmental 
variation. Concentration is a mathematical construct that relates the content of a particular 
component to the total weight of the seed (i.e. the sum of all components). Therefore, seed 
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protein concentration depends not only on protein content (mg per seed) but also on the 
content of oil and the residual fractions (primarily cell walls, soluble carbohydrates, and 
minerals). As such, two varieties that produce seeds with the same protein content (mg per 
seed) could be categorized as high or low protein genotypes, depending on the content of 
other seed components. It is the accumulation rather than the final concentration of major 
seed components that directly reflects physiological processes active during seed 
development, such as the maternal supply of nutrients to the seed or metabolic capacity to 
synthesize protein.  The final concentration of each component is simply a culmination of 
these processes.  To predict how environmental conditions ultimately affect the final protein 
and oil concentrations, therefore, it is necessary first to understand how the accumulation of 
each individual seed component responds to environmental conditions during seed filling. 
Numerous estimates of regional variation in soybean seed composition exist 
(Hurburgh et al., 1990; Hurburgh, 1994; Piper and Boote, 1999; Yaklich et al., 2002; 
Dardanelli et al., 2006; Brumm and Hurburgh, 2006). These estimations, however, confound 
both genotypic and environmental effects, which makes it impossible to separate the relative 
importance of these two factors. The magnitude of the environmental effects on soybean seed 
composition across years and locations has yet to be isolated in a systematic manner.  
A classical approach to understand the effects of environmental factors on seed 
composition has been through manipulative experiments (e.g. Gibson and Mullen 1996, 
Purcell et al., 2004; Pipolo et al. 2004b). Westgate et al. (1999) presented a general 
qualitative review on environmental effects on soybean composition. But a comprehensive 
quantitative evaluation of environmental effects on soybean composition is lacking.  
Although a wealth of studies conducted under a range of conditions on diverse genetic 
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backgrounds have been published, the data generated have not been synthesized into a 
general model of environmental effects on seed composition.   
Meta-analyses are designed to integrate information from diverse studies and 
conditions to evaluate treatment effects on a set of independent variables (Curtis and Wang, 
1998). This approach has been widely utilized in the medical and the social sciences and in 
some biological studies (Rosenberg et al. 2000), but has been used sparingly in crop 
physiology research (e.g. Ainsworth et al., 2002; Morgan et al. 2003). Meta-analyses can be 
particularly informative because they provide a quantitative estimate of effect sizes. The 
effect size is calculated as the response to a specific treatment (e.g. irrigation) relative to a 
control (e.g. no irrigation). Although this approach evaluates quantitative treatments as 
qualitative (i.e. control vs. stressed), appropriate data partitioning captures the quantitative 
nature of treatment effects and can account for differences in treatment timing and intensity.  
The effect sizes for the response to nitrogen fertilization, for example, can be partitioned into 
dosage ranges. In some cases, however, it is not possible to parse treatments because their 
magnitude and intensity are not documented in comparable units.  Nonetheless, judicious 
data parsing prior to meta-analysis enables investigators to isolate potential experimental or 
biological influences on effect size. The main objective of this study was to use a meta-
analytical approach to synthesize published data from studies addressing the effect of major 
environmental conditions on soybean seed composition.  The meta-analysis incorporated 
studies focused on effects of water stress, temperature, and N supply on soybean seed 
component contents and concentrations.   
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Material and Methods 
Magnitude of environmental variation in seed composition in Uniform Field Tests 
The Uniform Soybean Test Northern Region (USDA-ARS) evaluates yield and 
composition of soybean varieties and germplasm with potential for commercial release. The 
data generated in these tests are particularly valuable for evaluating environmental effects 
because all locations use uniform management protocols and plots are replicated in standard 
statistical field designs.  Seed harvested from the Uniform Tests are analyzed at the USDA-
ARS National Center for Agricultural Utilization Research, Peoria, Illinois for protein and oil 
concentration and these data are reported on a moisture-free basis. 
We re-analyzed 10 years (1989-1998) of composition data from the Uniform Soybean 
Test Northern Region (USDA-ARS) to assess the magnitude of environmentally induced 
variation in seed composition within the major soybean growing area in the U.S.  Three 
varieties within maturity groups from 00 to IV having the greatest number of year-by-
location replications were selected for analysis.  Standard descriptive statistics were used to 
assess variation in composition across environments.  
 
Database construction and evaluation 
A database of published articles was constructed by searching the ISI Web of 
Knowledge® database that included the Web of Science® citation database (1945-present), the 
Current Content Connect® (1998-present), the ISI Proceedings® (1991-present) and the 
Biosis previews® (1980-present) (Appendix 1). The search was intended to identify all 
published research articles that evaluated the effect of water deficit stress, temperature 
increase and nitrogen availability on seed component concentration (mg component per mg 
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seed dry weight) and/or content (mg component per seed). Ideally, each study   quantified 
both component concentration and component content, or provided seed weight from which 
we calculated component content. The majority of studies, however, evaluated treatment 
effects only on component concentration. If our database included only studies evaluating 
both variables, there would have been insufficient data to resolve treatment effects. 
Studies that simply correlated rainfall or temperature during development with 
variation in seed composition were not included in the database.  While this correlative 
approach might suggest a causal effect, it is often confounded by other factors.  For example, 
a decrease in seed protein content associated with water deficit stress late in the season may 
have been caused by a concurrent increase in temperature or decrease in nitrogen supply.  
Therefore, only those studies in which the experimental design compared a manipulated 
treatment to a control treatment were included.  Since meta-analysis considers each 
observation to be independent (Curtis and Wang, 1998), data for different years or 
experimental conditions (i.e. cultivars or other experimental factors) within each publication 
were treated as independent observations. This approach is consistent with other published 
meta-analyses (Curtis and Wang, 1998; Ainsworth et al, 2002; Jablonski et al., 2002; Morgan 
et al., 2003). Data were obtained directly from tables or by digitalizing data in figures 
utilizing DigitizeIt Software (Version 1.5.7, 2003 Bormann, Braunschweig, Germany). A 
description of the experimental details and treatments included in the meta-analysis is 
available online as supplemental information for this article.  
Studies evaluating the effect of water stress on seed composition required a well 
watered control treatment and a water deficit treatment and were partitioned into pot or field 
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experiments. Also, they were parsed by phenological stage when water stress was imposed: 
whole cycle (V1-R8), early reproductive period (R1-R5) or late reproductive period (R5-R8).  
Studies that addressed the effect of temperature on soybean composition were 
included if they compared a control treatment to one at a higher temperature. Articles that 
evaluated temperature effects were classified further as in vitro or pot experiments. In vitro 
experiments cultured seeds or embryos in artificial nutritive solution to isolate them from the 
influence of maternal tissue (e.g., Obendorf et al., 1984). Pot experiments also were parsed 
by phenological stage when the temperature increase was imposed: whole cycle (V1-R8), 
whole reproductive period (R1-R8), early reproductive period (R1-R5) or late reproductive 
period (R5-R8). Piper and Boote (1999) observed that seed protein concentration responded 
differently to temperatures above or below ~26ºC. Therefore, temperature studies were 
classified where possible according the range of temperatures explored: Low Range <26°C 
and High Range > 26°C.  
Studies evaluating the effect of nitrogen supply had a control treatment and a 
treatment with increased nitrogen availability. These experiments were categorized as 
conducted in vitro, in hydroponics, or in the field. In vitro experiments included seed or 
embryo cultures at various levels of amino nitrogen supply. Hydroponics experiments 
involved intact plants cultured with nutrient solution in the absence of soil.  Field 
experiments included various forms of fertilizer N and were parsed by phenological stage at 
which fertilizer N was increased: vegetative (planting-V6), early reproductive (R1-R5), and 
late reproductive (R5-R8). The effect size for response to fertilizer N also was analyzed 
according to N level applied with dosages ranging from <55kg N ha-1 to >200kg N ha-1.  
 
13 
 
Statistical analysis 
Meta-analysis evaluates treatment effects from different studies on a common scale of 
effect size. The natural log of the response ratio r (r = value in the treatment/value in the 
control) was utilized for this purpose (Hedges et al., 1999). This measure of effect size was 
selected because the transformation linearizes the response and generates a more normal 
distribution for r (Hedges et al., 1999). For clarity, however, data are presented graphically as 
relative responses ([(treatment – control)/control]*100).  MetaWin software was utilized to 
conduct the meta-analysis (Rosemberg et al. 2000).  
If estimates of treatment variation (e.g. standard deviation) are available, it is possible 
to conduct a weighted meta-analysis in which effect sizes are weighted by the inverse of the 
sampling variance (Gurevitch and Edges, 1999). This procedure increases the precision of the 
estimates and increases the resolving power for treatment effects since more weight is given 
to experiments with smaller errors (Gurevitch and Edges, 1999).  Since the majority of the 
articles dealing with soybean composition that could be included in the meta-analysis did not 
report a standard error or standard deviation for treatment means, effect sizes from all studies 
were given equal weight.  
Confidence intervals for each effect size were calculated using the re-sampling 
(bootstrapping) technique developed by Adams et al. (1997) for meta-analyses. Briefly, this 
technique involves calculating the mean effect size for a randomly selected set of n studies. 
The process is iterated 4999 times and the output is ordered sequentially; the smallest and 
largest 2.5% values then are used as the lower and upper confidence intervals (Adams et al., 
1997). An effect size was considered significant when the 95% confidence interval did not 
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overlap with zero.  Likewise, differences between treatment categories were considered 
significant if their 95% confidence intervals did not overlap (Gurevitch and Hedges, 1993) 
  
RESULTS 
General environmental effect on soybean seed composition 
To describe the environmentally-induced variation in seed composition typically 
observed in the field, we analyzed 10 years of data from the Northern Region Uniform 
Soybean Tests. The subset of varieties with the greatest number of data years and locations in 
replicated trials were selected for evaluation. Figure 1 shows that the variation in seed 
composition due to environmental factors was quite large. For example, the variety Lambert 
(MG0) varied from 33% to 40% protein across environments (Fig 1a). Each of the data 
points in Figure 1 corresponds to the mean of 3 to 4 replications, so the points outside the 
whiskers cannot be considered outliers.  Averaged across all genotypes, the relative 
difference between maximum and minimum values was 18% for protein and 23% for oil.  
 
The Meta-analysis 
Meta-analysis results are presented in two sections. First, we present the effect of 
water deficit stress, temperature increase, and nitrogen availability on seed component 
content (mg per seed). Then, we integrate the relative effect of environmental factors on each 
seed component contents to quantify its impact on final concentration (%).  This approach 
clearly exposes the basis for variation in final concentration due to the impact water, 
temperature, and N supply on individual seed component accumulation.    
 
15 
 
Environmental effect on seed component content 
Protein content (mg per seed) 
In general, water stress decreased seed protein content (Fig. 2a).  Across all studies, 
the relative reduction was about 16% (Overall category).  In those few studies in which water 
stress was imposed early in reproductive development (R1-R5), however, seed protein 
content increased about 6%.  This increase is likely a response to a decrease in seed number 
typically caused by water stress at this stage.  Larger seeds develop on these plants which 
have a greater source to sink ratio during seed filling (Borrás et al., 2004).    
An increase in temperature also reduced protein content (Fig. 2b).  The relative 
reduction across all studies was ∼9%. The effect size varied with the experimental approach 
and range of temperatures explored. Protein content in vitro was reduced by increasing 
temperatures much more in the High range (14%) than in the Low range (2%). In pot 
experiments, increasing temperature in the High range during rapid grain filling (R5-R8) did 
not affect protein content significantly. But an increase in temperature in the Low range 
reduced protein content by 15%.  This difference in effect size likely reflects the lower 
protein content of seeds grown in the higher temperature range.   
Providing supplemental nitrogen increased protein content about 27%, averaged 
across all studies (Fig 2c).  The magnitude of this effect size was determined primarily by the 
response of embryos grown in vitro (~60%).  Whole plants grown in hydroponics also 
responded favorably to an increase in nitrogen supply, and to a much greater extent than did 
plants grown in the field. On average, seed protein content responded positively (~8%) to 
supplemental nitrogen fertilization across all field studies.  A similar effect size was observed 
for supplemental N applied during vegetative growth (planting-V6) and early reproductive 
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development (R1-R5). Nitrogen dose also had a significant impact on the effect size.  During 
the vegetative stage, fertilizer N applied at <100kg N ha-1 increased seed protein content 
about 2%, relative to the control, while application at >200kg ha-1 increased seed protein 
about 14% on average (data not shown). Similar dosage-dependent responses were observed 
for supplemental nitrogen applications at early and late reproductive stages (data not shown).  
 
Oil content (mg seed-1) 
Water stress decreased oil content per seed dramatically (Fig. 3a).  Across all studies, 
the reduction was ∼25%, relative to the well-watered control treatments. The timing of stress 
also was very important. When water stress was imposed early in the reproductive period 
(R1-R5), the effect size was not different from zero.  Water stress imposed during seed filling 
(R5-R8) decreased oil content about 35%. 
Consistent with the decrease in seed protein content, increased temperature also 
reduced oil content 15% over all experiments (Fig. 3b). Timing again was important as there 
was no significant response to increased temperature during R1-R5, while increased 
temperature at R5-R8 decreased oil content by ~20%, relative to the control.   
Increased nitrogen supply did not affect seed oil content significantly, averaged 
across all studies (Fig. 3c). An increase was observed in some in vitro studies, but the effect 
size was highly variable.  Seed oil content did not respond to increased nitrogen supply in the 
field.  Nor was there a significant response to nitrogen dosage (data not shown).  
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Residual content (mg seed-1) 
Residual content (mg per seed of structural and non-structural carbohydrates) was 
reduced by water stress ∼20% across all experiments (Fig. 4a).  The effect of developmental 
stage on effect size mirrored that observed for protein and oil content.  Water stress imposed 
between flowering and beginning seed fill (R1-R5) increased residual content 4%, while 
stress during seed filling decreased residual content nearly 30% relative to the control.   
Averaged across all studies, residual content was reduced 15% by an increase in 
temperature (Fig. 4b). In vitro, residual content decreased in response to a temperature 
increase in the High range, but increased in the Low range. Residual content in potted plant 
studies decreased significantly in response to higher temperature (~15%); this response was 
similar in the High and Low temperature ranges. 
There was a small decrease in residual content in response to an increase in nitrogen 
supply, averaged across all studies (Fig. 4c).  The lower residual value reflected the large 
decrease reported in the in vitro studies (~11%).  Increased nitrogen availability did not affect 
residual content in any of field studies, and there was no difference among nitrogen dosages 
(data not shown).  
 
Combined effects of seed component content on final protein and oil concentration 
The meta-analysis on seed component content revealed that the major seed 
components (protein, oil, residual) did not necessary respond to water supply, temperature, 
and nitrogen supply in the same direction or to the same extent.  As such, the meta-analysis 
on seed component concentration (%) that follows is presented with particular emphasis on 
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the relationships among individual component contents (mg per seed) as they determine final 
seed composition.  
 
Water stress 
Water stress reduced seed protein, oil and residual content.  On average, the negative 
impact was more pronounced on oil and residual than on protein content (Fig 2a, 3a & 4a). 
Although the direction of response among the major seed components was similar, the 
difference in magnitude of response resulted in a significant increase in protein concentration 
(~3%) and similar decrease in oil concentration (~3%). 
 The effect size depended on the timing of the stress (Fig 2a, 3a & 4a). Water stress 
imposed throughout the plant life cycle (V1-R8) reduced the content of all seed components 
to the same degree (~ 25%).  As a consequence, the final concentrations of protein and oil in 
the seed were not affected significantly.  Water stress imposed during late reproductive 
development (R5-R8) decreased protein content less than oil and residual contents, on 
average.  This difference in response resulted in a significant increase in final protein 
concentration in the stressed seeds (Fig 2a). In contrast to this general pattern, stress imposed 
prior to rapid seed fill (R1-R5) resulted in an increase in protein content and concentration.  
This likely reflected an increase in source/sink ratio caused by a decrease in seed number per 
plant when stress is imposed at this stage of development (Borrás et al., 2004).  
 
Temperature 
Increasing temperature decreased seed protein, oil and residual contents in most 
cases,  although the effect sizes generally was less than observed for water stress (Fig 2b, 3b 
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& 4b). On average, the decrease in content was less pronounced for protein (~ 7%) than for 
oil or residual contents (~ 15%), which resulted in a net increase in protein concentration in 
response to increased temperature.  
The response of seed components to increasing temperature in vitro, i.e. in the 
absence of maternal tissues, depended on the temperature range explored (Fig. 2b, 3b, & 4b). 
At high temperatures (>26°C) all seed component contents were reduced.  Residual content, 
however, was affected to a greater extent, resulting in an increase in protein and oil 
concentration as temperature was increased. At lower temperatures (<26°C) protein and oil 
contents decreased only slightly, but residual content increased causing a modest decrease in 
protein and oil concentration.  
Increasing temperature around plants grown in pots decreased seed protein content 
about 9%, and decreased oil and residual contents 18 to 15%, on average (Fig. 2b, 3b, 4b).  
The smaller response of protein accumulation resulted in a significant increase in final 
protein concentration, with no changes in oil concentration and in residual concentration.  
The range of temperatures also affected the direction and magnitude of the treatment 
effects. Treatments imposed in the High temperature range (>26°C) has opposite effects on 
protein and oil concentrations (Fig. 2b & 3b). Changes in component contents were relatively 
large and in the same direction, but the decrease in protein content less pronounced in 
average (12%) than that of oil content (28%) and residual content (20%). The net result was a 
decrease in oil concentration and increase in protein concentration.  An increase in 
temperature in the Low temperature range (<26°C) apparently had no significant effect on 
protein concentration and increased oil concentration (Fig 2b & 3b).  This result, however, is 
not consistent with the component content data showing that oil content decreased more than 
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protein content.  This should have led to an increase in protein concentration. The lack of 
consistency in this particular case is likely due to incomplete data on seed component content 
and concentration in studies conducted in the Low temperature range.  
 
Nitrogen 
Averaged across all experiments, an increase in nitrogen supply increased seed 
protein content ~20%, with little change in oil content and a 5% reduction in residual content 
(Fig. 2c, 3c & 4c). The dramatic response of protein content, however, corresponded to only 
a modest (~5%) increase in protein concentration (Fig. 2). The effect size for oil was not 
different from zero while residual concentration decreased more than 5% (Fig. 3c & 4c).  
The magnitude of effect size on component concentration varied dramatically with 
experimental approach. Nitrogen treatments in vitro increased protein content ~60%, had 
only a small (non significant) impact on oil content of ~7%, and decreased residual content 
about 12% (Fig 2, 3 & 4). The net outcome of these component responses was an average 
increase in protein concentration of more than 50% relative to control treatments. In contrast, 
the response of seed protein concentration to increased nitrogen supply in the field was only 
about ~1% for all studies evaluated.  There was, however, a tendency for an increase in 
response at greater nitrogen rates. In studies that applied nitrogen fertilizer nitrogen at 
>100kg ha-1 between planting-V6, protein concentration increased ~2%. Similarly, for 
nitrogen applications >100kg ha-1 at R1-R4, protein concentration responded ~3% (data not 
shown).  Seed protein concentration did not respond to rates <100kgN ha-1; in no case were 
oil and residual concentrations affected by fertilizer N applications. When only those field 
experiments that reported both protein content and concentration were considered, the 
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response of protein concentration to nitrogen fertilization was as great as 7% at rates >200kg 
N ha-1 applied at planting (data not shown).  
 
Discussion 
To our knowledge, this meta-analysis is the first attempt to distinguish the responses 
of soybean seed components to specific environmental conditions across genetic 
backgrounds, experimental approaches, and stages of development. Analyzing the 
environmental effects on component content (mg per seed) as well as evaluating effects on 
component concentration (mg g-1) revealed that an increase in concentration does not 
necessarily result from a stimulation of component synthesis.  During water stress or high 
temperature stress, synthesis of all the major seed components was inhibited.  Differences in 
concentration result primarily because accumulation of individual components was not 
inhibited to the same extent.       
 
Water stress 
Water stress imposed during seed filling decreased oil and residual contents more 
than it did protein content.  This generally resulted in an increase in final protein 
concentration.  It is well established that water stress shortens the seed filling duration and 
apparently has little impact on rate of filling (Meckel et al., 1984; Westgate et al., 1989; Egli 
and Bruening, 2004). It is also well documented that water stress in soybean accelerates 
nitrogen remobilization from leaves (Brevedan & Egli 2003; DeSouza et al. 1997). Since 50 
to 100% of seed nitrogen is remobilized from leaves (e.g. Egli et al., 1983; Chapin et al., 
1990; Turner et al., 2005), water stress during seed filling may increase the rate of N 
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remobilization to the seed, resulting in a temporary increase in amino-N availability. While a 
significant amount of seed nitrogen is derived from soil uptake and N2-fixation during the 
seed filling, remobilization of reduced nitrogen from the leaves will buffer a stress-induced 
shortage due to inhibition of uptake and fixation (Triboi & Triboi-Blondel 2002). Synthesis 
of oil and carbohydrate by the seed, on the other hand, depends primarily on concurrent 
carbon fixation during seed filling (Yamagata et al., 1987). Therefore, a reduction in 
assimilate supply caused by water stress would likely have a more direct impact on the oil 
and residual component synthesis.  Apparently, the increase in nitrogen remobilization from 
the leaves and pod walls is sufficient to compensate for the reduced rate of oil and residual 
synthesis resulting in a fairly constant seed growth rate, at least temporarily (Meckel et al., 
1984; Westgate et al, 1989).  Since water stress shortens the duration of seed filling, all 
component contents are reduced but protein synthesis is apparently less affected due to the 
increased amino-N remobilization, resulting in a net increase in protein concentration in the 
mature seed. 
 An alternative possibility is that the rates of protein, oil and residual accumulation 
are not affected by water stress, but durations of individual seed component accumulation are 
in fact affected differentially.  That is, remobilization in water stressed plants may enable 
protein accumulation to continue longer than oil and residual accumulation. Our current 
studies are aimed at determining how environmental effects on the rate and duration of 
individual seed component accumulation affect their final concentration in the seed. 
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Temperature  
According to our meta-analysis, accumulation of oil and residual are negatively 
affected by increased temperature in the High temperature range during seed filling, but 
protein accumulation was not significantly affected. This response to temperature also has 
been observed in rapeseed (Brassica napus) and sunflower (Helianthus annuus) (Triboi & 
Triboi-Blondel 2002). Higher temperatures are known to increase seed growth rate and 
reduce seed filling duration (Egli and Wardlaw, 1980; Chimenti et al., 2001). Likewise, 
higher temperatures increase the rate of seed component accumulation up to an optimum 
while duration of accumulation is reduced (Bhullar & Jenner 1985; Jenner et al., 1991). In 
soybean, an increase in the rate of nitrogen remobilization due to accelerated leaf senescence 
may support an increased rate of seed protein accumulation at higher temperature (Triboi & 
Triboi-Blondel 2002; Egli and Wardlaw, 1980) even if total  nitrogen uptake or fixation are 
reduced due to a reduced seed filling period or inhibited (Triboi & Triboi-Blondel 2002). 
Apparently, the ability to maintain the rate of protein accumulation partially compensated for 
the shorter seed fill duration, resulting in a less deleterious effect on final protein content.  
Oil and residual contents, on the other hand, are more dependent on current photoassimilate 
production and are negatively affected by increased temperature, particularly in the High 
temperature range, primarily because of a shortened duration of seed filling (Triboi & Triboi-
Blondel 2002; Yamagata et al., 1987).  In this case, there is no buffer (i.e. nitrogen in the 
leaves) to compensate for a shorter duration of filling; thus temperature stress only causes oil 
or residual concentrations to decrease.  
Response of isolated embryos to increased temperature in vitro was markedly 
different from that observed in studies conducted on whole plants or in the field.   The meta-
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analysis of in vitro experiments indicated that increased temperature in the High range 
(>26°C) markedly reduced the residual content of the seed, which increased both protein and 
oil concentrations. Embryos exposed to increased temperature in the Low range (<26°C) 
showed a modest increase in sucrose partitioning to oil (Iyer et al. 2008).  These responses 
varied from those in planta in which elevated temperature caused an increase in final protein 
concentration and reductions in oil. The results indicate that temperature effects on seed 
component accumulation are moderated to a large extent by the response of maternal tissues.  
 
Nitrogen 
Seed protein content was much more responsive to an increase in nitrogen supply in 
vitro than in whole plant studies conducted in hydroponics or in the field.  In vitro studies 
exposed embryos to increasing concentrations (and unlimited amounts) of amino nitrogen in 
the medium (Saravitz & Raper, 1995; Hayati et al., 1996; Pipolo et al., 2004). Since amino-N 
uptake is partially mediated by non-saturable facilitated diffusion (Zhang et al., 2007), amino 
acid uptake can continue at concentrations well above physiological levels likely to occur in 
planta.  Consequently, very high protein contents and concentrations can be achieved by 
embryos grown in vitro under non-limiting conditions.  These high values presumably reflect 
a genetic potential for protein accumulation that is not expressed in planta.   
Whole plant studies confirm that fertilization with inorganic nitrogen inhibits nodule 
formation and nitrogenase activity (Streeter, 1988).  In the presence of abundant soil NO3- or 
NH4+, soybean plants decrease amino-N transported to the shoot derived from atmospheric 
N-fixation. As such, application of fertilizer nitrogen to the soil may not lead to an increase 
in nitrogen availability to the seed. There are some evidence, however, that application of 
25 
 
fertilizer nitrogen at very high rates (>200kg ha-1) early in development can result in 
measurable increases in protein concentration and content.  
 
Field variation in seed composition vs. experimentally induced variation analyzed by 
meta-analysis 
The relative variation (between percentile 90th and 10th) in seed protein and oil 
concentration for 10 years of the Northern Region Uniform Soybean Tests averaged across 
all varieties was 10% for protein and 11% for oil concentration (Fig. 1).  If relative variation 
is estimated with average maximum and minimum it raises to 18% for protein and 23% to 
oil. Since each data point presented in the Fig. 1 corresponds to an entire experiment with 3 
to 4 replications, none can be considered an outlier. Regardless of the type of estimation 
considered, this environmentally-induced variation within the uniform field tests was, in 
general, greater than the variation observed for the field and greenhouse studies in which 
environmental variables were purposefully manipulated.  
Why is the magnitude of seed component variation reported in experimental 
manipulation studies in the field less than that observed in the uniform field trials? It is 
possible that undocumented biotic stress from pests and diseases added to the variation 
among years and location in these trials. None of the field trails, however, reported 
infestations of pests or diseases.  A more likely explanation is that the cultivars tested in field 
trials were exposed to multiple abiotic stresses simultaneously or sequentially during the 
season.  Drought stress during seed filling is often associated with higher temperatures and 
low N availability (Sinclair et al., 1987). The occurrence of multiple stresses (water deficit, 
high temperature, low N availability) acting simultaneously has been shown to activate a 
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suite of genes different from those induced by a single stress (Mittler 2006). It is also 
possible that some of the uniform test locations encountered brief but extreme environmental 
conditions not recorded in the trial (e.g.  Wardlaw et al., 2002; Rondanini et al., 2006).  The 
occurrence of such multiple or repetitive stresses would not be accounted for in the 
manipulative experiments included in the meta-analysis.  
 
 Limitations and recommendations for future research on seed composition   
Focusing the meta-analysis approach on seed component content along with 
concentration revealed several situations where an increase in seed component concentration 
was not associated with an increase in synthesis. This basic observation provides important 
insight for future experiments to understand the physiological factors regulating soybean 
seed composition. Final component concentrations (mg mg-1) result from changes in the 
relative content of all seed components (mg per seed).  These in turn are determined by the 
rate (mg seed-1 d-1) and the duration of their accumulation (days). Resolving the complexity 
of seed composition into these simpler developmental components may provide a more 
rational approach for defining the genetic mechanisms that regulate seed metabolism and 
development.  
That many studies have overlooked this complex interplay between seed metabolism 
and development is evident in their focus only on final component concentration.  Studies 
lacking component content (or even seed mass) data limited the resolving power of the meta-
analysis since it was necessary to utilize a combination of data sets to analyze the effect of 
each environmental factor on seed composition.  The effect of N-supply on seed protein, for 
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example, included 230 studies reporting seed protein concentration, only 69 of these reported 
seed protein content (Fig 2.)  
Considering quantitative treatments as qualitative also limits the resolving power of 
the meta-analysis.  The intensity water stress, for example, was not always documented, or 
may have been reported in different units across studies.  So it might not be possible to 
standardize the magnitude of the treatments in all cases.  Relating effect sizes to treatment 
magnitude or intensity is possible only when treatments are explicitly quantitative (e.g. 
fertilizer rates). Nonetheless, qualitative treatment of environmental variables in the meta-
analysis successfully depicted the general effects on soybean seed composition, and serves as 
a guide for future research.  
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(a)
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Figure 1. Box-plot of environmentally induced variation on soybean seed protein (a), oil (b) 
and residual (c) concentration (%). Data are compiled from the Uniform Soybean Test-
Northern Region, 1989 to 1998. The box indicates the upper quartile, the median and the 
lower quartile. The whiskers plus the box correspond to the 80% of data points. Points 
outside the whiskers have 20% chance of occurrence.   N= number of replicated trials 
included for each variety. Bars shows 10th and 90th percentile. 
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Figure 2. Relative response [(treated-control)/control*100] of soybean seed protein content 
(mg per seed) and concentration (%) to water stress (a), temperature increase (b), and 
nitrogen supply (c). Symbols and bars represent mean response and 95% confidence interval, 
respectively.  The number of studies included in the analysis is indicated in the figure.   
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Figure 3. Relative response [(treated-control)/control*100] of soybean seed oil content (mg 
per seed) and concentration (%) to water stress (a), temperature increase (b), and nitrogen 
supply (c). Symbols and bars represent mean response and 95% confidence interval, 
respectively.  The number of studies included in the analysis is indicated in the figure. 
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Figure 4. Relative response [(treated-control)/control*100] of soybean seed residual content 
(mg seed-1) and concentration (%) to water stress (a), temperature increase (b), and nitrogen 
supply (c). Symbols and bars represent mean response and 95% confidence interval, 
respectively.  The number of studies included in the analysis is indicated in the figure. 
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CHAPTER 3. WATER STRESS EFFECTS ON RATE AND 
DURATION OF SEED COMPONENT ACCUMULATION IN SOYBEAN 
 
To be submitted to Crop Science 
 
José L. Rotundo and Mark E. Westgate 
 
Abstract 
Unfavorable environmental conditions during seed filling decrease grain yield by 
limiting seed size. In general, seed fill duration is shortened while seed growth rate remains 
unaffected.  Lack of soil moisture in particular often increases seed protein concentration due 
to less detrimental effects on protein accumulation relative to other major seed components.  
Such changes in seed composition despite stable rates of seed filling suggest compensation 
occurs among seed component accumulation. Alternatively, the duration of accumulation of 
individual seed components could be affected differentially, causing a change in composition 
despite stable seed growth rates.  We examined these possibilities in a two-year field 
experiment with two closely related soybean lines differing in protein concentration that were 
subjected to limited soil moisture during seed filling. The rates and durations of seed protein, 
oil, and residual components were recorded at two canopy positions during seed filling. The 
results indicate that the two hypotheses are not mutually exclusive. Rates of seed component 
accumulation often compensated maintaining a constant seed growth rates and resulting in a 
change in seed composition, typically favoring protein accumulation.  The results 
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demonstrate that rate and duration of accumulation may respond differentially among seed 
components within a seed when soil moisture becomes limiting.  This independence in seed 
component response to environmental conditions has not been reported previously.  
 
Introduction 
Limited soil moisture is the main constraint to potential crop yield (Boyer, 1982). In 
soybean (Glycine max L.), the magnitude of the effect and the yield component affected 
depends on the timing of stress. Stress during reproductive stages impacts soybean yield 
more than stress during vegetative stages (i.e. Ashley and Ethridge, 1978; Brown et al., 1985; 
Doss et al., 1974). Within the reproductive stage, stress during the seed set period (R2-R4) 
reduces seed number while water stress occurring later, during the seed filling period (>R5), 
reduces seed size (i.e. Andriani et al., 1991; Brevedan and Egli, 2003; DeSouza et al., 1997; 
Snyder et al., 1982).  Final seed size is determined by seed growth rate and seed filling 
duration. It is well established that the occurrence of water deficits during seed filling 
reduces seed size by shortening seed filling duration rather than by affecting seed growth rate 
(Desclaux and Roumet, 1996; Egli and Bruening, 2004; Meckel et al., 1984; Westgate et al., 
1989). The mechanisms of seed growth rate conservation during water deficits are not fully 
understood.   Physiological studies have implicated  increased capacity of sucrose intake by 
embryos (Westgate et al., 1989), and lack of direct vascular connections between parental 
tissues and developing seed (Westgate and Grant, 1989), ABA stimulation of acid invertase 
activity (Liu et al., 2005) and compensatory changes in source to sink ratios (DeSouza et al., 
1997).  It is not known how these processes might determine changes in seed composition 
often observed under stressful environmental conditions.  
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Unlike the stability of seed growth rate, water stress during seed filling affects seed 
composition (i.e. % protein and oil). A recent meta-analysis by Rotundo and Westgate (2009) 
showed that water stress during seed filling increased protein concentration and decreased oil 
concentration. Although water stress decreased the content (mg seed-1) of protein, oil and 
residual, protein accumulation was less negatively affected. This difference in content 
determined an increase in protein concentration under water deficits (Rotundo and Westgate, 
2009). Such results suggest that not all the seed components are affected to the same extent 
by environmental conditions during seed development. 
Two complementary hypotheses may reconcile the apparent stability of seed growth 
rate and the modification of seed component contents when plants are exposed to a water 
deficit during seed filling.  In the first case, increased nitrogen remobilization rate from 
leaves and pod walls increases the rate of protein accumulation, compensating for reduced 
rates of oil and residual accumulation. This compensation would result in a fairly constant 
seed growth rate and (if water deficit reduces duration of all components equally) less of a 
detrimental effect on protein content relative to other seed components (Rotundo and 
Westgate, 2009). The second possibility is that rates of accumulation of  individual seed 
components are not affected by water deficits, but the durations of component accumulation 
are affected differentially (Rotundo and Westgate, 2009). These hypotheses tacitly assume 
the accumulation patterns of different seed components are largely independent processes, as 
proposed for wheat (Jenner et al., 1991). 
 In this paper we present data of a two-year field experiment aimed to test 
these two alternative hypotheses. We tested these ideas with two soybean lines sharing 
approximately 94% of their genomes in common, and divergently selected for high and low 
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seed protein concentration. We utilized these lines to test the differential susceptibility of 
genotypes that differ in seed composition.  
 
Materials and Methods 
Plant culture 
We evaluated two closely related experimental lines (BC3F2:8) developed from 
crosses between a recurrent parent Evans (36 % protein) and a low protein line (PI453472, 32 
% protein) or a high protein line (PI153296, 46 %) as donors (Table 1). These experimental 
lines share approximately 94% of their genomes with the recurrent parent Evans, and will be 
referred as PR142 (Low Protein) and PR41 (High Protein).  They were grown at the Iowa 
State University Hinds Research Farm located in Story County, Iowa in 2006 and 2007. 
Planting date was 10 May in 2006 and 16 May in 2007, at 31 plants m-2 in 0.76 m rows. Plots 
were four rows 6 m long. All measurements were taken in the two central rows. Weeds were 
hand removed and pests were controlled as needed with standard agronomic practices.  
 
Experimental design, treatments and statistical analysis 
The experiment was designed as a randomized complete block with three 
replications; genotype (PR142 and PR41) and irrigation as experimental factors. Plots were 
rainfed until the onset of the linear phase of seed filling (R5.5). At this stage, half of the plots 
were randomly selected (within each block and genotype) and maintained at field capacity 
(<10 kPa soil moisture tension) until physiological maturity. Plots were irrigated with 3 drip 
tapes covering the plot length; one was placed at the center of the plot between the two 
central rows and the other two by the outside of those two central rows. Soil moisture tension 
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was monitored with 8 Watermark© granular matrix soil moisture sensors connected to data-
loggers (Spectrum technologies, Plainfield, IL).  Sensors were installed 30 cm deep in root 
growth zone of 4 irrigated and 4 non-irrigated plots distributed throughout the experimental 
site.   
 
Plant measurements  
Pods were sampled from plants in 1 m row each 6 to 7 days beginning at the onset of 
linear seed filling and continuing until maturity. Because seeds within the soybean canopy 
differ in seed size at maturity, pattern of seed development, and seed component 
concentration (Escalante and Wilcox, 1993a; Escalante and Wilcox, 1993b; Egli and 
Bruening, 2006a; Egli and Bruening, 2006b), samples were collected from the upper third 
and the lower third of the canopy within each treatment. Seeds were dried at 65°C for 72 h 
and weighed.  Seed nitrogen concentration (%) was determined on ground samples by 
combustion (TruSpec CN, LECO). Seed protein concentration was estimated as %N x 6.25. 
Oil concentration was determined gravimetrically after extraction with hexane. The 
concentration of ‘residual’ carbohydrates and other seed components (i.e. minerals) was 
determined by difference.  
The rate and the duration of seed weight, protein, oil and residual accumulation was 
estimated using a bi-linear model with plateau:  
Weight (mg seed-1) = a + b TT for TT < c 
Weight (mg seed-1) = a + bc for TT > c 
where TT is thermal time after R5 in °C day, a is the y-intercept (mg seed-1), b is the rate of 
component accumulation during the linear phase of seed filling (mg seed-1 °C day -1), and c is 
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the duration of component accumulation (°C day).  The model was fitted for each replicate 
and for seed weight and each seed component (i.e. protein, oil and residual) using Table 
Curve V 3.0 (Jandel Scientific 1991).  Daily TT was calculated using a base temperature of 
8°C (Sinclair et al., 2003). Mean daily air temperatures were calculated as the average 
between the daily maximum and minimum temperatures obtained from a weather station 
located about 100 m from the experimental plots. 
At R5.5, green leaf area, green leaf dry weight and green leaf nitrogen concentration 
were measured on each treatment replication. Plants in a 0.76 m2 area were harvested per 
replicate. Leaves were detached from plants and leaf area was measured with a LI-COR 3100 
(Lincoln, Nebraska). Leaves were then dried at 65 °C for at least 72 h, and weighed. Percent 
nitrogen was estimated on ground leaf material by combustion (TruSpec CN, LECO).   
At maturity, plants in a 2.28 m2 area were harvested in each replicate. Seeds were 
threshed, weighed and counted. Yield and seed weight is expressed on a dry moisture basis. 
Whole plant seed protein and oil concentrations were estimated by near infrared reflectance 
at the Iowa State Grain Quality Lab.  Seed composition data are presented at 13 % moisture.  
To estimate assimilate supply per seed, we divided green leaf area (m2 leaf m-2 soil) 
or leaf nitrogen per area (mg N m-2 soil) by seed number at maturity (seeds m-2).   
 
Results 
Environmental characterization 
Environmental variables were measured during the seed filling period because they 
are known to affect seed development and composition. Figure 1 shows the temperature and 
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soil moisture conditions varied for the PR142 and PR41 during seed filling. Within a year 
data differ in these variables because of slight differences in genotypes phenology.  
Rainfall amounts during grain filling were greater in 2007 than in 2006 (Table 1).  
Averaged across genotypes 2006 rainfall was ~120 mm while in 2007 it was ~180 mm. This 
different in rainfall translated in a greater average soil water tension in 2006 compared to 
2007. Average daily soil moisture tension during effective seed filling was, for PR142, 63.1 
kPa in 2006 and 37.5 kPa in 2007; for PR41, the deficit was 42.8 kPa in 2006 and 30.9 kPa in 
2007.   
Higher maximum temperatures also were observed in 2006 compared to 2007 (Table 
1). Average daily maximum temperature during the effective seed filling period of PR41 was 
31.8 °C in 2006 while it was 29.2 °C in 2007; for PR41 it was 29.6 °C in 2006 and 28.3 in 
2007. Average and minimum temperatures did not differ much between years.  
Environmental values for precipitation, soil moisture and temperature differed between lines 
for the same year because of slight differences in phenology; the onset of seed filling period 
occurred at different calendar day between the lines. 
 
General effects of water stress  
 Yield, seed number and protein, oil and residual yield 
Lack of irrigation during the seed filling decreased seed yield of both lines about 20% 
compared to the well-watered irrigated plots (Table 2).  On average, yield of the irrigated 
plots was 2195 kg ha-1 while in rainfed it was 1765 kg ha-1. The yield loss was due entirely to 
a decrease in seed size, which confirms the rainfed treatment imposed a significant water 
stress as intended during seed filling.  
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The effect of water stress on seed component yield varied with year and genotype 
(Table 2).  In 2006, the soil moisture deficit did not affect total protein yield (kg protein ha-1). 
In 2007, however, protein yield decreased from 1055 kg ha-1 in the irrigated treatment to 801 
kg ha-1 in the rainfed treatment, a 24% loss averaged across both genotypes.  Oil yield was 
reduced by water stress in the low protein line, PR142; but there was no apparent effect on 
oil production by the high protein line, PR41. Averaged across years, oil yield by PR142 was 
592 kg ha-1 under irrigation, and decreased to 424 kg ha-1 when rainfed - a 29% loss on 
average. Yield of the residual seed component, likewise decreased in the absence of 
irrigation for both lines and years. Residual seed component decreased 23% from 842 kg ha-1 
with irrigation 646 kg ha-1 under rainfed conditions.   
 
Source to sink ratio 
Source/sink ratio at the beginning of the seed filling period (R5.5), estimated as leaf 
area per seed or leaf nitrogen per seed, did not differ between the irrigated and rainfed 
treatments (Table 3).  There was, however, a significant difference between lines with the 
high protein line, PR41, having a much higher source to sink ratio for both years and 
treatments.    This estimate of the source/sink ratio at R5.5 was greater in 2006 than in 2007.  
Averaged across both lines, leaf area per seed was 26.9 in 2006 and 21.7 in 2007. Leaf 
nitrogen per seed was 5.4 in 2006 and 4.6 in 2007 (Table 3).  
 
Effect of water stress on seed size and composition  
Seed accumulation curves  
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We used a bi-linear model with plateau to describe the accumulation of seed biomass 
and the accumulation of protein, oil and residual seed components (Fig. 2 and 3). Typically 4 
sampling dates defined the rate of seed growth or component accumulation, and 2 or 3 points 
defined maximum content. The R2 of these regressions were in general quite high, with 
average and minimum values of 0.98 and 0.82 for seed size. Average and minimum R2 
values for protein accumulation were 0.96 and 0.75, respectively; for oil accumulation R2 
values were 0.97 and 0.77; for residual accumulation they were 0.96 and 0.73. 
 
Seed size and developmental processes  
The high protein line PR41 typically produced larger seeds than did the low protein 
line PR142 regardless of treatment, year, or canopy position (Table 4). This difference in 
seed size reflected a much faster growth rate that more than compensated for a significantly 
shorter seed filling period.   Nonetheless, PR142 responded to the lack of irrigation by 
producing even smaller seeds at both canopy positions.  Water stress decreased seed size in 
PR41 only in 2007.  The negative impact of the soil moisture deficit on seed size was more 
pronounced in the upper canopy where the stress decreased seed size 26% compared to 16% 
in the lower canopy.  Both lines showed a similar trend when plants in the rainfed treatments 
produced smaller seeds.  
As expected, smaller seeds were caused by a shorter seed filling duration rather than a 
slower seed growth rate (Table 4). In fact, seed growth rate was fairly constant across soil 
moisture treatments.  The only exception was seeds sampled from the lower canopy of PR41 
in 2007, where a decrease in seed size (167.9 to 137.7 mg seed-1) was associated with a 
significantly slower seed growth rate.  
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 Seed composition and developmental processes  
As expected, the most consistent main effect on seed component concentration, 
content and accumulation patterns was genotype (Table 5).  With the exception of oil 
content, variation among all measured seed component parameters between the high and low 
protein lines was significant at P< 0.01 or better.  There was, however, a significant 
interaction between soil moisture treatments and years for protein concentration. In 2006, 
lack of irrigation increased seed protein concentration at both canopy positions for both lines. 
The increase was dramatic at more than 5 points on average.  In 2007, however, there was 
almost no effect of water stress on seed protein concentration; the only increased observed 
was a 0.9% increase in the lower canopy of PR142. Oil concentration in the high protein line 
PR41 was considerably more stable across treatments. Residual concentration was reduced 
by water stress only in 2006. 
In 2006 when protein concentration was much greater in the rainfed plots, this 
resulted from a less detrimental effect of the treatment on protein content (mg seed-1) relative 
to oil and residual contents (Table 5).  Soil moisture stress was sufficient to shorten the 
duration of seed filling (dramatically in some cases).  A compensatory increase in the rate of 
protein accumulation, however, resulted in greater content and concentration of seed protein.  
The reduction in oil content was due primarily to a shorter duration of accumulation rather 
than a slower rate of accumulation. Less residual content (2006) in the stressed plots was due 
most often to a slower rate of accumulation. The exception was the lower canopy of PR41 in 
2006.  
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The final concentration of seed protein was not different between the rainfed and 
irrigated treatments in 2007 despite measureable decreases in all component contents (Table 
5). Evidently, the stress imposed was sufficient to affect seed development, but unlike 2006, 
accumulation of the major seed components was reduced proportionally by water stress.  In 
the upper canopy, the decrease in protein, oil and residual contents were due to shortened 
durations of accumulation.  No significant changes in rate were detected. In the lower 
canopy, the water stress shortened the duration of protein, oil, and residual accumulation in 
the low protein line PR142, but slowed the rate of accumulation of these components in the 
high protein line PR41.  The impact of on the rate of accumulation implicates a limitation in 
assimilate supply to the seeds in this region of the canopy (Rotundo et al., unpublished data).  
  
Discussion 
As expected, the water deficit stress imposed during seed filling increased seed 
protein concentration (%) and decreased oil and residual concentrations in the soybean seeds. 
The relative effect of water stress was +8% for protein concentration, -4% for oil 
concentration and -6% for residual concentration. These effects compare well with the 
published literature (Rotundo and Westgate, 2009). The increase in protein concentration 
reflected the less detrimental effect of water stress on protein accumulation (mg seed-1) 
relative to the impact on oil and residual accumulation.  On average, the relative response of 
protein content to the water stress treatment was -9%, while the response of oil and residual 
each were about -20%.    Evidently, lipid and carbohydrate metabolism by the seed are more 
sensitive than is protein metabolism to a disruption in assimilate supply during seed filling.     
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Our results are in agreement with previous reports showing that seed growth rate is 
fairly stable under water stress (Egli and Bruening, 2004; Meckel et al., 1984; Westgate et 
al., 1989). Yet seed protein concentration can be markedly altered by the same stress.   This 
outcome suggests that different seed components may contribute to the constant seed growth 
rate under well watered and water stressed conditions.  For example, seeds in the lower 
canopy of the low protein line PR142 accumulated dry matter at ~0.24 mg day-1 in both 
irrigated and rainfed treatments (Table 4).  In the irrigated treatment, protein accumulated at 
0.079 mg day-1, oil at 0.057 mg day-1 and residual at 0.11 mg day-1 (Table 5).  Together, these 
rates account for the 0.246 mg day-1 total seed growth.  In the rainfed treatment, protein 
accumulated at 0.106 mg day-1, oil at 0.064 mg day-1 and residual at 0.071 mg day-1, which 
adds up to a nearly identical rate of 0.241 mg day-1 total seed growth.  The decrease in 
residual component accumulation and increase in protein accumulation reflect a dramatic 
shift in assimilate partitioning within the seed.  While the underlying physiological 
mechanisms controlling this change in partitioning are not fully understood, our recent 
demonstration that high protein genotypes provide a near saturating level of assimilates per 
seed (Rotundo et al., 2009) strongly suggests that an increase in protein accumulation under 
stressful conditions reflects a change in assimilate supply from the plant. 
We also observed that the rates and durations of accumulation for the seed 
components were not coupled, but appeared to respond independently to stress during seed 
filling. In 2006, for example, seed oil content was less in the rainfed treatment because of 
shorter duration of oil accumulation.  Residual content also was less, but this was due to a 
slower rate of accumulation.  In 2007, stress-induced decreases oil and residual contents in 
upper canopy samples both were due to shorter durations of fill.  In the lower canopy of the 
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same plants, lesser contents were generally associated with slower accumulation rates. 
Different partitioning of C from reserves and current assimilation among the different seed 
compounds or canopy positions may help to explain these independent responses to water 
stress. Davies et al. (2000), using stable isotope techniques, showed that the partitioning of C 
and N reserves during seed filling was preferentially directed towards early formed pods 
(lower canopy) compared to later formed pods (upper canopy). Under water stress conditions 
during the seed filling period, lower canopy pods can keep growing because of C and N 
remobilization, while upper canopy pods may be more susceptible to current assimilate 
shortage leading to a reduction in accumulation duration.  
The effect of water stress during seed filling on seed size depends on the source to 
sink ratio developed by the crop at the beginning of that stage (DeSouza et al., 1997). Higher 
source to sink ratios are thought to increase tolerance to water stress during seed filling. 
Differences in source to sink ratio may help to explain the different results observed in 2006 
and 2007 in terms of seed composition. The main difference between both years was that in 
2006, in general, all seed component contents were reduced except protein content. This 
determined an increase in seed protein concentration that year. In 2007, all seed component 
contents were reduced by the same proportion by water stress. Protein content was not 
buffered as it was in 2006. Since 50-100% of seed N is remobilized from leaves (Chapin et 
al., 1990; Egli et al., 1983; Turner et al., 2005), a high source to sink ratio may be important 
to stabilize protein content during stresses occurring at the seed filling stage.  The source to 
sink ratio was significantly higher in 2006 compared to 2007 (Table 2). This may explain 
why protein content was more stable to water stress in the first year of this study.  Also, 
warmer conditions during seed filling in 2006 may have increased nitrogen partitioning to the 
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seed (Lecoeur and Sinclair, 2001) determining high rates of protein accumulation under 
water stress that year.  
Two hypotheses were considered to reconcile the apparent stability of seed growth 
and the increase in protein concentration commonly reported under water stress.  Our results 
indicated that these two hypotheses are not mutually exclusive.  Rather the mechanisms 
regulating seed component accumulation associated with the two hypotheses may be working 
together, depending on the type of seed component and position within the plant.  Our results 
confirm that seed growth rate is indeed conserved under stressful conditions.  We show for 
the first time that this conservation occurs via compensation among seed components, which 
ultimately leads to the observed change in final composition.  Moreover, the developmental 
processes that determine the content of the major seed components (rate and duration of 
protein, oil, and carbohydrate accumulation) are shown to respond independently to water 
stress.   Additional research is needed to understand how assimilate supply conditions the 
independent response of rate and duration of these seed components.  
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Figure 1. Environmental conditions from R5.5 to R8 for the high protein line PR41 and low 
protein line PR142 in 2006 and 2007. (a) to (d): minimum, maximum,  and average daily 
temperature, (e) to (h): rainfall (bars) and soil moisture tension in rainfed (open  circles) and 
irrigated (filled circles) plots. Data for soil tension are mean ± s.e. (n=4).  
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Figure 2. Seed dry weight accumulation in the lower third and upper third of the canopy with 
thermal time from R5.5. (a) to (d): 2006, (e) to (h): 2007. PR142: low protein line; PR41: 
high protein line. Closed symbols: rainfed, Open symbols: irrigated.  A bilinear model was 
used to estimate treatment effects on rate and duration of seed filling.  Data are the mean ± se 
(n=3). In some cases error bars are smaller than the symbols.  
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Figure  3.  Seed protein, oil, and residual accumulation in the lower third and upper third of 
the canopy with thermal time from R5.5. (a) to (i): 2006, (m) to (x): 2007. PR142: low 
protein line. PR41: high protein line. Closed symbols: rainfed. Open symbols: irrigated. A 
bilinear model was used to estimate treatment effects on rate and duration of seed filling.  
Data are the mean ± se (n=3). In some cases error bars are smaller than the symbols. 
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Table 1. Comparison of environmental conditions during the effective seed filling period of 
PR142 and PR41 in 2006 and 2007.   
 
PR142 PR41 PR142 PR41 PR142 PR41 PR142 PR41 PR142 PR41
2006 130 117 2.4 2.1 63.1 37.5 31.8 29.6 18.5 17.3
2007 194 162 2.3 1.6 42.8 30.9 29.2 28.8 19.0 18.5
(°C)
Average Soil 
water tension 
[Rainfed]
Average 
Maximun  
Average 
Mininimun  
Average Soil 
water tension 
[Irrigated]
(°C)
Year
(kPa) (kPa)
Rainfall 
(mm)
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Table 2.  Comparison of yield (kg ha-1), seed number (seed m-2), seed weight (mg 
seed-1) and seed components yield (kg ha-1) in 2006 and 2007 for PR142 and PR41. LP: low 
protein line, HP: high protein line. Each value is the average of three replicates. * P<0.1; ** 
P<0.05; *** P<0.001; N.S. not significant. LSD is provided to compare means within each 
column. 
Seed yield Seed 
number Seed weight
Protein 
yield Oil  yield 
Residual 
yield 
(kg ha-1) (seed m-2) (mg seed-1) (kg ha-1) (kg ha-1) (kg ha-1)
2006 PR142 (LP) Irrigated 2093 1703 122.9 720 483 891
Rainfed 1767 1765 99.2 730 367 670
PR41 (HP) Irrigated 1649 1157 142.4 708 292 648
Rainfed 1490 1087 137.7 720 271 499
2007 PR142 (LP) Irrigated 2993 2233 134.0 1159 702 1133
Rainfed 2106 2039 103.2 802 480 824
PR41 (HP) Irrigated 2046 1291 156.0 952 397 697
Rainfed 1696 1367 124.4 799 305 591
436 300 17.6 239 133 258
** ** N.S. ** ** **
** *** *** N.S. *** ***
N.S. N.S. N.S. N.S. N.S. N.S.
** N.S. *** N.S. ** **
N.S. N.S. ** * N.S. N.S.
N.S. N.S. N.S. N.S. * N.S.
N.S. N.S. N.S. N.S. N.S. N.S.
Treatment*Line
Treatment*Year*Line
TreatmentLineYear
Year
Line
Year*Line
Treatment
Treatment*Year
LSD
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Table 3.  Comparison of leaf area per seed (m2 leaf seed-1) and leaf nitrogen per seed 
(mg leaf N seed-1) at R5.5 in 2006 and 2007 for PR142 and PR41. LP: low protein line, HP: 
high protein line. Each value is the average of three replicates. * P<0.1; ** P<0.05; *** 
P<0.001; N.S. not significant. LSD provided to compare means within each column. 
Leaf area per 
seed
Leaf nitrogen 
per seed 
(cm2 seed-1) (mg N seed-1)
2006 PR142 (LP) Irrigated 18.1 4.5
Rainfed 18.6 4.3
PR41 (HP) Irrigated 36.6 6.5
Rainfed 34.2 6.5
2007 PR142 (LP) Irrigated 12.5 3.8
Rainfed 13.0 3.9
PR41 (HP) Irrigated 30.9 5.3
Rainfed 30.6 5.3
9.3 0.8
* **
*** ***
N.S. N.S.
N.S. N.S.
N.S. N.S.
N.S. N.S.
N.S. N.S.
Treatment*Year
Treatment*Line
LSD
Treatment*Year*Line
TreatmentLine
Year
Line
Year*Line
Treatment
Year
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Table 4.  Seed size, seed growth rate (R, mg °C day-1) and seed filling duration (D, 
°C day) in 2006 and 2007 for PR142 and PR41.  Measurements were taken in the Lower 
third and the Upper third of the canopy.  LP: low protein line, HP: high protein line. Each 
value is the average of three replicates. * P<0.1; ** P<0.05; *** P<0.001; N.S. not 
significant. LSD provided to compare means within each column.  
Year Line Treatment mg seed-1 R† D mg seed-1 R D
2006 PR142 (LP) Irrigated 130.4 0.248 530 115.4 0.279 416
Rainfed 110.6 0.243 469 87.8 0.243 361
PR41 (HP) Irrigated 147.4 0.352 441 137.4 0.379 366
Rainfed 145.3 0.469 325 130.1 0.354 371
2007 PR142 (LP) Irrigated 126.4 0.243 525 141.5 0.305 463
Rainfed 104.3 0.239 454 102.1 0.282 365
PR41 (HP) Irrigated 167.9 0.438 389 144.2 0.426 343
Rainfed 137.7 0.343 408 111.2 0.443 266
13.5 0.080 70.0 21.6 0.111 101.8
N.S. N.S. N.S. N.S. N.S. N.S.
*** *** *** ** ** **
* N.S. N.S. ** N.S. *
*** N.S. ** *** N.S. **
** ** * * N.S. N.S.
N.S. N.S. N.S. N.S. N.S. N.S.
* ** ** N.S. N.S. N.S.
†R = Rate of accumulation (mg °C day -1 seed-1)
Treatment
Treatment*Year
Line
Upper Canopy position 
LSD
Year
Lower Canopy position 
D = Duration of accumulation (°C day)
Treatment*Line
Treatment*Year*Line
Year*Line
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Table 5. Comparison of seed component concentrations (%), contents (C, mg seed-1), 
and their rates (R, mg °C day-1) and durations of accumulation (D, °C day-1) for PR142 and 
PR41 in 2006 and 2007.  Measurements were taken in the Lower third and the Upper third of 
the canopy.  LP: low protein line, HP: high protein line. Each value is the average of three 
replicates. * P<0.1; ** P<0.05; *** P<0.001; N.S. not significant. LSD provided to compare 
means within each column. 
%† C R D % C R D % C R D % C R D % C R D % C R D
2006 Irrigated 29.2 43.7 0.079 557 20.7 31.0 0.057 552 37.4 56.0 0.110 517 30.7 40.7 0.095 428 19.5 25.9 0.049 530 37.1 49.2 0.125 394
Rainfed 36.0 45.8 0.106 441 18.2 23.1 0.064 362 33.1 42.0 0.071 608 36.3 36.5 0.103 357 17.6 17.9 0.054 332 33.3 33.6 0.087 384
irrigated 38.4 64.9 0.168 401 15.5 26.3 0.056 479 33.1 56.0 0.141 415 36.3 57.3 0.154 374 15.5 24.6 0.061 405 35.6 56.3 0.173 329
Rainfed 43.6 72.9 0.249 306 16.1 26.8 0.094 296 27.2 45.6 0.143 319 40.3 60.2 0.166 366 15.8 23.7 0.079 301 30.4 45.5 0.138 331
2007 Irrigated 32.0 46.6 0.084 558 21.2 30.8 0.064 487 33.9 49.2 0.098 515 35.3 57.5 0.118 487 19.6 31.9 0.070 456 32.1 52.1 0.118 444
Rainfed 32.9 39.3 0.086 475 19.8 23.7 0.059 430 34.4 41.2 0.095 449 33.6 39.2 0.108 364 19.9 23.4 0.065 360 33.4 39.3 0.111 360
Irrigated 40.8 78.6 0.203 389 16.9 32.6 0.093 361 29.3 56.6 0.142 410 40.0 66.5 0.201 333 16.8 27.9 0.094 303 30.2 49.9 0.131 388
Rainfed 41.5 65.7 0.171 389 15.8 25.0 0.069 369 29.7 46.9 0.104 467 40.5 51.7 0.205 262 15.5 19.9 0.086 250 31.0 39.6 0.152 282
0.9 6.5 0.039 74.0 1.5 3.5 0.021 74.0 1.6 5.0 0.025 98.4 2.1 10.3 0.041 89.6 1.2 5.1 0.025 89.6 1.6 7.8 0.044 ###
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. * * * ** N.S. N.S. N.S. ** ** N.S. N.S. N.S.
*** *** *** *** *** N.S. ** *** *** ** *** ** *** *** *** ** *** N.S. ** ** *** ** ** **
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. * * ** N.S. * N.S. ** N.S. ** N.S. ** N.S. ** N.S. N.S.
*** N.S. * *** ** *** N.S. *** *** *** ** N.S. *** ** N.S. ** ** ** N.S. ** ** *** N.S. *
*** ** ** * N.S. ** ** * *** N.S. N.S. N.S. *** ** N.S. N.S. N.S. N.S. N.S. N.S. ** N.S. * N.S.
* N.S. N.S. N.S. ** ** N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
* N.S. ** N.S. * ** ** N.S. N.S. N.S. ** ** * N.S. N.S. N.S. ** N.S. N.S. N.S. N.S. N.S. N.S. N.S.
R = Rate of accumulation (mg °C day -1 seed-1)
Treatment
Treatment
Treatment*Year
Line
Lower Canopy position Upper Canopy position 
Protein Oil Residual Protein Oil Residual
D = Duration of accumulation (°C day)
LSD
Year
C = Component content (mg seed-1)
†% = Component concentration (%)
Treatment*Line
Treatment*Year*Line
Year*Line
PR142 
(LP)
PR41 
(HP)
PR142 
(LP)
PR41 
(HP)
LineYear
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CHAPTER 4. RELATIONSHIP BETWEEN ASSIMILATE 
SUPPLY PER SEED DURING SEED FILLING AND SOYBEAN SEED 
COMPOSITION 
 
A paper published in Field Crops Research (in press) 
 
José L. Rotundo, Lucas Borrás, Mark E. Westgate and James H. Orf 
 
Abstract 
Developing soybean cultivars with high seed protein content has been hampered by 
the negative correlation between seed protein and seed yield. While previous in vitro studies 
have documented the impact of assimilate supply to the seed in determining seed protein, in 
planta studies generally have failed to link seed protein accumulation directly with assimilate 
supply per plant during seed filling. It may be possible to reconcile this apparent 
contradiction by expressing the relationship between seed protein and assimilate supply in 
planta on a per seed basis.  We evaluated the association between seed composition and 
assimilate supply per seed in closely related experimental lines varying in seed protein 
concentration and in several elite varieties from the Iowa State University breeding program.  
High seed protein content was associated with greater leaf area per seed at R5.5, which was a 
consequence of fewer seeds set per plant. The more favorable source/sink ratio provided 
greater assimilate per seed during grain filling, but limited the yield potential of the high 
protein lines because of reduced seed set. Depoding during grain filling increased seed size 
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of low protein lines and increased seed protein concentration to levels comparable to those in 
the untreated high protein lines.  Seed size was far less responsive to depoding in the high 
protein lines.  These results suggest that high protein lines maintain assimilate supply per 
seed at or near saturating levels during seed filling.  Improving seed protein levels in high 
yielding varieties will require increasing assimilate supply per seed without sacrificing seed 
number.  
 
Introduction 
Seed protein and oil concentration is an important determinant of soybean [Glycine 
max (L.)] value in both domestic and global markets (Hurburgh et al., 1990; Brumm and 
Hurburgh, 2006). Although the protein concentration levels required to meet industrial 
standards are generally achieved (Brumm and Hurburgh, 1990; Brumm and Hurburgh, 2006), 
year to year variation due to environmental conditions may result in situations where seed 
protein concentration is below this standard (Rotundo and Westgate, 2009). One way to 
reduce the probability of protein deficits is to expand acreage planted to high protein 
varieties. Substantial genotypic variation for seed protein concentration has been documented 
(Thorne and Fehr, 1970; Brim and Burton, 1979; Wehrmann et al., 1987; Wilcox and Cavins, 
1995; Cober and Voldeng, 2000; Alt et al., 2002).  But high seed protein concentration is 
frequently associated with less yield (Wilcox and Zhang, 1997; Wilcox and Shibles, 2001; 
Carter et al., 1982).  Discovering the physiological bases for genotypic variation in seed 
composition is fundamental to overcome this practical restriction on improving the market 
value of soybeans.  
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It is intuitive that seed composition should be controlled by the metabolic   
characteristics of the embryo and the supply of sucrose and amino acids from the plant. In 
vitro studies, where seeds are grown in culture media without the influence of maternal 
tissues, reveal that seed composition responds strongly to an increase in the supply of 
assimilates to the seed (Rotundo and Westgate 2009). Saravitz and Raper (1995), for 
example, showed that soybean embryos could accumulate up to 69 % of their dry weight as 
protein when incubated in the presence of high levels of glutamine. Such results imply that 
intrinsic biochemical capacity of the developing embryo to metabolize assimilates is not the 
primary reason commercial soybean varieties fail to accumulate seed storage protein to levels 
greater than typically observed in planta.  
Based on these results, it might be expected that high protein varieties supply more 
sucrose and amino acids to the seed than do low protein varieties (e.g. Hanson 1991). We 
define assimilate supply as the amount of both carbohydrates and nitrogenous compounds 
available for seed filling coming from current assimilation during seed filing or 
remobilization. Numerous whole-plant studies have sought to associate final seed protein 
concentration with assimilate supply during seed filling (Carter et al., 1982; Leffel et al., 
1992; Burton et al., 1995; Egli and Bruening, 2007; Naeve et al. 2008). Typically, leaf area 
(m2 m-2) or leaf nitrogen (mg N m-2) at R5 has been used as a surrogate for assimilate supply, 
since leaves are a primary source of carbon and nitrogen accumulated by the seed at maturity 
(Egli et al., 1987; Yamagata et al., 1987; Chapin et al., 1990; Turner et al., 2005). Also, leaf 
area approaches a maximum at R5 and therefore sets the potential for capturing 
photosynthetic assimilate available for seed growth (Kumudini et al., 2001). These studies, 
however, failed to define a consistent relationship between total leaf area or leaf nitrogen and 
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seed protein concentration (Carter et al., 1982; Leffel et al., 1992; Burton et al., 1995; Egli 
and Bruening, 2007; Naeve et al. 2008). The general lack of correspondence between studies 
conducted in vitro and in planta reflects the fundamental difference in the way seed response 
to variation in assimilate supply is quantified.  In vitro studies test response to ‘assimilate 
supply per seed’, while in planta studies test response to ‘assimilate supply per plant’.  It may 
be possible to resolve genotypic differences in seed composition at the whole plant level by 
evaluating responses to changes in assimilate supply on an ‘assimilate per seed’ basis.   
Our working hypothesis is that successful selection for increased seed protein 
concentration relies primarily on an increased assimilate supply per seed. To test this 
hypothesis, we investigated the role of assimilate supply per seed as a primary determinant of 
genotypic differences in seed protein concentration.  First, we evaluated the relationship 
between protein concentration and protein accumulation.  Second, we evaluated the 
association between assimilate supply and seed protein content. Finally, we tested the impact 
of manipulative increases in assimilate supply on seed size and composition by conducting a 
depoding treatment. These tests included a comparison of genetically related lines 
divergently selected for high and low seed protein content, as well as commercial lines 
selected for high protein and high yield.    
 
Materials and Methods 
Plant culture 
In 2006, four closely related experimental lines (BC3F2:8) developed from crosses 
between the recurrent parent Evans (36 % protein) and a high protein line (PI153296, 46 %) 
or a low protein line (PI453472, 32 % protein) as donors (Table 1). These experimental lines 
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share approximately 94% of their genomes with the recurrent parent Evans.  They were 
grown at the Iowa State University Hinds Research Farm located in Story County, Iowa.  
Planting date was May 10th at 31 plants m-2. Plots were four rows 6 m long, 0.76 m distance 
between rows, with three replications. 
In 2007, the experiment was conducted at Brunner Farm located in Boone County, 
Iowa.  Three of the four experimental lines were re-evaluated along with their recurrent 
parent Evans (Table 1). To determine whether assimilate supply per seed also limited seed 
composition in high yielding commercial varieties, we evaluated three elite varieties from the 
Iowa State University breeding program.  IA2068 was selected as a standard protein 
genotype; IA2034 and IA3011 were selected for high seed protein concentration (Dr Walter 
Fehr, personal communication). Planting date was May 16th at 31 plants m-2. Plots were four 
rows 6 m long, 0.76 m distance between rows, with three replications.  
 
Plant measures and experimental treatment 
At R5.5, green leaf area, green leaf dry weight and green leaf nitrogen concentration 
were measured on each treatment replication. Plants in a 0.76 m2 area were harvested per 
replicate. Leaves were detached from plants and leaf area was measured with a LI-COR 3100 
(Lincoln, Nebraska). Leaves were then dried at 65 °C for at least 72 h, and weighed. Percent 
nitrogen was estimated on ground leaf material by combustion (TruSpec CN, LECO).   
At maturity, plants in a 2.28 m2 area were harvested in each replicate. Seeds were 
threshed, weighed and counted. Yield and seed weight is expressed on a dry moisture basis. 
Whole plant seed protein and oil concentrations were estimated by near infrared reflectance 
at the Iowa State Grain Quality Lab.  Seed composition data are presented at 13 % moisture.  
73 
 
To estimate assimilate supply per seed, we divided green leaf area (m2 m-2) by seed 
number at maturity (seeds m-2).  To increase assimilate availability per seed, a depoding 
treatment was imposed at the beginning of the linear seed filling period (R5.5) in the two 
central rows of the experimental plots. Approximately 50% of the pods at each node were 
removed in both 2006 and 2007 experiments to double assimilate availability per seed. 
Depoding increases the assimilate availability per remaining seed during the linear phase of 
seed filling (Egli et al., 1989; Munier-Jolain et al., 1998), but it can also affect cotyledon cell 
number and potential seed size if applied earlier in seed development. To ensure that 
depoding treatments were imposed at a similar stage of seed development for all genotypes, 
seed moisture content was measured at R5.5 stage to estimate seed development stage (Egli, 
1990; Ney et al., 1993; Egli and TeKrony, 1997).   
The responses of seed dry weight and protein concentration to increases in assimilate 
availability per seed were evaluated at two positions within the canopy; the upper third and 
lower third. Seeds at these canopy positions differ in seed size at maturity, pattern of seed 
development and seed component concentration (Escalante and Wilcox, 1993a; Escalante 
and Wilcox, 1993b; Egli and Bruening, 2006a; Egli and Bruening, 2006b).  For this analysis, 
seed protein concentration was estimated by nitrogen concentration x 6.25. Nitrogen content 
was determined by combustion (TruSpec CN, LECO).   
 
Experimental design and statistical analysis 
Experiments were arranged in a randomized complete block design. Analyses were 
carried out separately for experimental and elite lines because elite lines were grown only in 
2007. For the experimental lines, the linear model included years, blocks nested within years, 
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lines (high and low protein), year x line and block x line interactions. Block and year were 
considered random factors while lines were fixed. Year effects were tested against blocks, 
lines were tested against year x line, and year x line was tested with block x line. Individual 
means were compared by a protected least significant difference (LSD) (Steel and Torrie 
1986). For the elite lines evaluated in 2007, block and lines were the sole sources of 
variation. General linear model from SAS statistical package was used for the analysis (SAS 
Institute 1999, Cary, NC). 
The depoding treatments were included in additional replicated plots within the 
randomized complete block design described above. ANOVA was conducted to test the 
effect of depoding treatments on low and high protein lines. Post hoc comparisons were 
carried out with LSD (Steel and Torrie 1986). The analysis was conducted separately for 
experimental and elite lines and upper and lower canopy.  
 
Results 
General effects of selection for high seed protein concentration 
As expected, genotypes selected for high seed protein concentration had significantly 
higher values for protein concentration than did low protein genotypes (Table 2). Even 
though genotypes were selected only based on seed protein concentration, they also showed 
significant differences in other seed attributes. In both experimental and elite genotypes, 
increased protein concentration was associated with a reduced seed oil concentration (%) and 
increased seed size.  Selecting for high seed protein concentration decreased total grain yield, 
which was explained by decreases in seed number per plant. 
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Source attributes also changed in response to selection for high seed protein 
concentration (Table 3).  Selection for greater protein concentration in the experimental lines 
was associated with an increase in leaf area and specific leaf area (leaf area per unit leaf 
weight) at the beginning of the seed-filling period (R5.5). These source attributes, however, 
did not vary among the elite lines differing in seed protein concentration. Increased seed 
protein concentration was associated with a decrease in foliar nitrogen concentration at R5.5 
in all genotypes. Because of compensatory changes in leaf area, specific leaf area, and leaf 
nitrogen concentration, selection for high seed protein concentration did not alter total leaf 
nitrogen per unit area in these experimental and elite lines. 
 
Seed protein concentration vs. content  
Selection for increased seed protein concentration (%) was associated with greater 
seed protein content (mg seed-1) (Table 2). Analyzed at the individual line level, there was a 
significant (p<0.05) positive correlation between seed protein concentration (%) and seed 
protein content (mg seed-1) for the experimental lines (Fig 1).  Elite lines showed a similar 
trend.  
Interestingly, selection for greater protein concentration (%) also increased seed oil 
content (mg seed-1) (Table 2). The increase in oil content, however, was less than that of 
protein content. In 2006, the experimental lines selected for high seed protein accumulated 
71.2 % more protein and 13.5 % more oil in their seeds than did lines selected for low protein 
concentration. In 2007, the advantage was 38.3 % for protein content and only 2.5 % for oil 
content. The elite lines grown in 2007 showed a similar difference between high and low 
protein varieties; 61.8 % increase in protein content and a 29.1 % increase in oil content. 
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Seed protein content and assimilate availability per seed  
Assimilate availability per seed at the beginning of the seed filling period, estimated 
as green leaf area per seed, was markedly greater in the high protein lines compared to the 
low protein ones (Table 4).  Assimilate availability estimated as foliar nitrogen per seed 
showed a similar trend. At the individual line level, there was a significant (p<0.05) positive 
correlation between seed protein content and assimilate availability per seed at R5.5, 
estimated either as leaf area per seed (Fig. 2a) or as leaf nitrogen per seed (Fig. 2b).  
Greater assimilate availability per seed in the high protein experimental lines was 
associated with both a greater total leaf area (Table 3) and fewer seeds (Table 2).  Greater 
assimilate availability per seed in the high protein elite lines was associated entirely with a 
reduction in seed numbers.  In both experimental and elite lines, the greater availability of 
foliar nitrogen per seed in the high protein category was a consequence of fewer seeds per 
plant.  
 
Response of seed size and protein concentration to depoding 
Table 1 shows that seed moisture content at R5.5 was not significantly different 
among lines within the canopy positions (P>0.05 for Line effect and Line x Year). On 
average, seed moisture content in the lower canopy was 76 % for low protein lines and 77.5 
% for high protein lines.  This corresponds to a seed dry weight about 25 % of the final value 
(Borrás et al. 2004). In the upper canopy, seed moisture content was about 83 % for both low 
and high protein lines, which represents development at less than 10 % of final seed weight.   
Therefore, the depoding treatment was applied at similar stages of embryo development 
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within canopy positions across high and low protein lines.  But embryos in the lower canopy 
were at the targeted stage early in seed filling. 
In general, all genotypes in the depoding treatment increased seed size in response to 
an increase in assimilate supply per seed.  The average response to depoding was greater in 
the upper canopy (Fig 3a) compared to the lower canopy (Fig 3b). This result likely reflects 
the earlier stage of embryo development in the upper canopy when depoding was imposed. 
There was a significant (p<0.05) negative correlation between seed protein content of control 
(not-depoded) plants and the response of seed size to depoding (Fig 3a and 3b).  That is, 
seeds of the high protein lines responded less to the increase in assimilate per seed.  
The manipulative increase in assimilate supply per seed via depoding dramatically 
increased protein concentration (and content, data not shown) in all tested low protein lines 
(Fig. 4).  Protein concentration in the upper canopy of depoded low protein experimental 
lines and the lower canopy of depoded low protein elite commercial lines were 
indistinguishable from their high protein counterparts. Depoding of high protein genotypes 
caused no significant increases in protein concentration in all but the upper canopy of the 
experimental lines (Fig 4).  
 
Discussion 
Our results support the hypothesis that genetic improvement in seed protein 
concentration in soybean is coupled with greater assimilate availability per seed. As such, we 
propose that the appropriate approach for estimating the impact of assimilate availability on 
seed protein content and concentration is on a per seed basis. In fact, our results confirm 
those of earlier studies that total assimilate supply per plant or unit area (e.g. leaf area or leaf 
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nitrogen per m-2) is not consistently associated with protein content or concentration. Total 
assimilate supply was associated with seed protein concentration in the experimental lines 
but not in the elite lines.  The per seed approach reconciles results of in vitro and whole plant 
studies and supports the dominant role of maternal sucrose and nitrogen supply in controlling 
soybean seed composition. It is evident from the response of low protein lines to depoding 
that higher protein levels can be achieved with greater assimilate availability per seed (Fig 4). 
Indeed, direct measures of amino acid concentration in the seed apoplast revealed higher 
rates of amino-N unloading in high protein lines (Hanson, 1991).  
The approach we used to estimate source size is based on leaf area at the beginning 
the linear phase of seed filling (R5.5). While this approach is simple and has been 
successfully used by others (Borrás et al. 2003), there are some drawbacks (Kumudini, 2002) 
so it sets the potential for remobilization and canopy photosynthesis during seed filling. 
However, this is a snapshot of the potential assimilate supply to the seed during the filling 
period; it may not represent the actual supply. Differences in specific leaf area or specific leaf 
nitrogen between low and high protein lines may affect the photosynthetic capacity of the 
leaves during the seed filling period. Also, different senescence patterns between low and 
high protein lines (not measured in this experiment) may also account for differences in the 
actual supply of assimilates for a given leaf area at R5.5. In spite of these drawbacks, the 
approach was a useful way to test relative genetic differences in assimilates supply per seed.  
Previous depoding studies confirm the dependence of high seed protein on assimilate 
supply (McAlister and Krober, 1958; Kollman et al., 1974; Schonbeck et al., 1986). Our 
results showed that artificially increasing assimilate supply per seed via depoding can 
increase seed concentration in low protein lines to levels comparable to those in high protein 
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lines.  It is noteworthy, however, that the depoding treatment did not completely eliminate 
the differences in seed composition between low and high protein lines. Thus supplying 
additional assimilate to developing seeds cannot overcome intrinsic limitations in their 
capacity to synthesize protein or other seed components.  Hayati et al. (1996), for example, 
reported that genotypic differences in protein concentration were maintained by embryos 
cultured in vitro across a broad range of nitrogen concentrations.  
Assimilate supply per seed was an important determinant of seed protein levels in this 
set of lines in large part because variation in protein concentration was directly related to 
protein content. Greater seed protein concentration (%) also can be achieved, however, by 
decreasing the content (mg seed-1) of oil and carbohydrates without altering total protein in 
the seed (Rotundo and Westgate 2009).  Burton et al. (1995) identified high protein lines that 
varied from 38% to 41% protein, but differed by only 4 mg of protein content (60 vs. 64 mg 
seed-1). The higher protein level resulted almost entirely from less oil and carbohydrate in the 
seed.  Genetic differences in metabolic efficiency or partitioning may play a greater role in 
determining final seed protein concentration arising from this strategy.  Recognizing that 
different physiological strategies exist for increasing seed protein concentration even among 
closely related genetic lines is prerequisite for identifying the molecular bases for genotypic 
differences in composition. 
Borrás et al. (2004) showed that soybean seed size generally responds favorably to an 
increase in assimilate supply.  Our results showed that seed size of the low protein lines 
responded more to an increase in assimilate supply per seed than it did in the high protein 
lines.  Evidently, seed growth was not limited by assimilate supply to the same extent in the 
high and low protein lines. The model by Jenner et al. (1991) may provide a framework to 
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explain this observation (Fig 5). Their model assumes a linear increase in seed size at low 
assimilate levels with a gradual saturation of growth as assimilate supply increases.  If true, 
genetic improvement in seed protein concentration and content has been achieved by 
selecting for progeny lines with an increased level of assimilates per seed.  The decreased 
responsiveness of seed size to depoding in the high protein lines is consistent with this 
conclusion, and implies high protein seeds are close to assimilate saturation during most of 
their development. Also, the low response of protein concentration to depoding in the high 
protein genotypes suggest that the seeds from these genotypes are already growing under 
high assimilate levels. 
 We analyze the response of seed size to depoding in relative terms (rather than in 
absolute terms) because the depoding treatment was applied also in relative terms. We did 
not intend to have the same assimilate supply in low and high protein genotypes (that would 
have been required to test the response in absolute terms); rather we double assimilates 
supply per seed by decreasing seed number 50%.  
 Results from this study may help resolve the negative correlation between 
yield and protein concentration (Carter et al., 1982; Wilcox and Zhang, 1997; Wilcox and 
Shibles, 2001). If increased protein concentration depends on an increase in protein content, 
there must be greater sucrose and N requirement for each seed. Apparently, this requirement 
has been fulfilled by the increased leaf area per seed in the high protein lines (Table 3).  
Although the genotypes we evaluated were fairly diverse phenotypically, all high protein 
lines increased leaf area per seed by decreasing seed number per plant.  Evidently, there has 
been a physiological tradeoff between seed number and composition (Stearns, 1989; Weih, 
2003) that precludes achieving both high yield and high seed protein. Future studies will 
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determine whether decreased flower production, limited pod formation, or seed abortion are 
responsible for the lower reproductive load of the high protein lines. Continued progress 
towards increasing seed protein levels in high yielding varieties requires increased assimilate 
supply per seed without sacrificing reproductive efficiency.  
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Figure 1. Relationship between seed protein concentration and seed protein content for 
genetically related experimental lines selected divergently for high or low seed protein 
concentration. Three elite lines differing in seed protein concentration are shown in brackets; 
the linear model does not include these lines. Each point is an average of three replicate 
samples. *P<0.05.  
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Figure 2. Correlation between seed protein content and the source to sink ratio measured as 
leaf area (a) or leaf nitrogen (b) per seed at the beginning of linear seed fill (R5.5).  Circles: 
genetically related experimental lines selected divergently for high or low seed protein 
concentration. Triangles: elite lines differing in seed protein concentration.  The linear model 
does not include these lines. Each point is an average of three replicate samples. *P<0.05. 
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Figure 3. Relationship between seed protein content and the relative response of seed weight 
to depoding treatment for (a) upper and (b) lower canopy positions. Circles:  genetically 
related experimental lines selected divergently for high or low seed protein concentration. 
Triangles: three elite lines differing in seed protein concentration. Each point is an average of 
three replicate samples. *P<0.05. 
 
 
89 
 
30
35
40
45
b
a
b
c
30
35
40
45
Low 
Protein
Low 
Protein 
Depoded
High 
Protein
High 
Protein 
Depoded
b
a
c
c
Low Low High High 
b
a
c
c
Low 
Protein
Low 
Protein 
Depoded
High 
Protein
High 
Protein 
Depoded
a
cbc
b
(a) Upper canopy –
Experimental lines
(b) Upper canopy – Elite lines
(c) Lower canopy –
Experimental lines
(d) Lower canopy – Elite lines
Pr
o
te
in
 
co
n
ce
n
tra
tio
n
 
(%
)
 
Figure 4.   Protein concentration of seeds from low-protein, low-protein depodded, high 
protein and high-protein depoded soybean lines. (a) and (c) genetically related experimental 
lines; (b) and (d) elite commercial lines.  (a) and (b) seeds sampled from the upper third of 
the canopy; (c) and (d) seeds sampled from the lower third of the canopy.  Within each 
group, bars with different letters are significantly different (P<0.05).  Values are mean ± s.e. 
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Figure 5. Model representing the relative availability of assimilates to seeds of low and high 
protein genotypes during seed filling.  Adapted from Jenner et al. (1991).  
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Table 1.  Seed composition and seed moisture content at the beginning of linear seed filling 
(R5.5) of individual soybean lines differing in final seed protein concentration. Values are 
mean ± s.e.  
Low Protein 2006 Evans 36.1 ± 0.3 19 ± 0.2 77.0 ± 1.4 83.0 ± 0.2
PR142 34.2 ± 0.3 19 ± 0.4 72.2 ± 1.2 81.6 ± 0.9
PR006 36.6 ± 0.4 18 ± 0.3 74.5 ± 1.0 82.3 ± 0.3
2007 Evans 35.9 ± 0.3 20 ± 0.3 78.0 ± 2.2 83.0 ± 0.9
PR142 33.8 ± 0.2 20 ± 0.2 75.0 ± 2.1 82.6 ± 1.0
IA2068 34.3 ± 0.2 19 ± 0.2 80.0 ± 1.3 84.2 ± 0.4
Average
High Protein 2006 PR41 43.3 ± 0.1 15 ± 0.3 77.3 ± 1.5 83.8 ± 0.1
PR84 42.8 ± 0.4 16 ± 0.1 79.0 ± 1.5 84.5 ± 0.2
2007 PR41 40.9 ± 0.4 17 ± 0.2 75.6 ± 1.5 82.8 ± 0.6
PR84 40.2 ± 0.2 18 ± 0.2 75.2 ± 1.3 82.3 ± 0.2
IA2034 39.3 ± 0.1 17 ± 0.0 79.5 ± 1.3 83.5 ± 0.7
IA3011 39.6 ± 0.3 18 ± 0.2 78.2 ± 0.4 83.6 ± 0.8
Average
19.1 76.1 82.8
Category Year Lines 
(%) (%)
Lower 
Canopy
41.0 16.8 77.5 83.4
Upper 
Canopy
Seed moisture at R5.5
Protein         
Seed composition 
Oil
35.1
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Table 2. Seed composition, seed dry weight, seed number and yield for experimental and 
elite soybean lines differing in seed protein concentration. Values are mean ± s.e.  Values in 
columns followed by same letter are not significantly different at P=0.05.   
Experimental 2006 Low Protein 35.2 ±0.5 a 18.8 ±0.2 a 41.0 ±1.5 a 22.0 ±1.1 a 101.7 ±4.9 a 2257 ±250 a 2330 ±335 a
High Protein 43.1 ±0.2 b 15.5 ±0.2 b 70.2 ±3.1 b 25.4 ±1.4 b 143.0 ±8.1 b 879 ±111 b 1225 ±110 b
2007 Low Protein 34.8 ±0.5 a 20.0 ±0.2 c 47.0 ±0.7 c 27.0 ±0.6 b 119.2 ±2.1 c 2104 ±128 a 2516 ±182 a
High Protein 40.6 ±0.3 c 17.3 ±0.2 d 65.0 ±1.7 b 27.7 ±0.9 b 141.6 ±6.6 b 1269 ±51 b 1804 ±131 b
P value year
P value Line
P value Y*L
Elite 2007 Low Protein 34.3 ±0.2 19.3 ±0.2 51.1 ±0.8 28.8 ±0.6 129.1 ±2.4 3014 ±68 3895 ±134
High Protein 39.5 ±0.1 17.7 ±0.2 82.7 ±0.7 37.2 ±0.6 198.1 ±2.6 1672 ±47 3311 ±91
P value
Oil         
content
Seed         
size
Seed   
numberLines Year Category
Protein 
concentration
Oil 
concentration
Protein 
content 
Seed        
yield
(%) (%) (mg seed-1) (mg seed-1) (mg seed-1) (seed m-2) (kg ha-1)
0.0046 0.0039 N.S. 0.0109 N.S. N.S. N.S.
N.S. 0.0374 N.S. N.S. N.S. N.S. 0.027
0.0164
0.001 N.S. 0.0019 0.0333 0.0485 0.0108 N.S.
<0.0001 0.0041 <0.0001 0.0002 <0.0001 <0.0001
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Table 3.  Source attributes (leaf area, specific leaf area, leaf nitrogen concentration and total 
leaf nitrogen per unit land area) at R5.5 for experimental and elite soybean lines differing in 
seed protein concentration. Values are mean ± s.e.  Values in columns followed by same 
letter are not significantly different at P=0.05.   
Experimental 2006 Low Protein 2.7 ±0.2 a 253 ±5 a 5.8 ±0.12 a 6.1 ±0.45
High Protein 4.0 ±0.3 b 281 ±10 b 4.4 ±0.14 b 6.4 ±0.59
2007 Low Protein 2.8 ±0.1 a 180 ±7 c 4.1 ±0.16 bc 6.4 ±0.27
High Protein 4.3 ±0.3 b 273 ±8 ab 3.8 ±0.12 c 6.1 ±0.47
P value year
P value Line
P value Y*L
Elite 2007 Low Protein 5.1 ±0.1 281 ±3 4.7 ±0.07 8.5 ±0.11
High Protein 4.5 ±0.3 262 ±9 4.2 ±0.11 7.2 ±0.42
P value
(m2 m-2)
N.S.
Lines Year Category Leaf area 
Specific leaf 
area
Leaf nitrogen 
concentration 
Leaf nitrogen  
per m2 soil
N.S. 0.0029 0.0021 N.S.
(cm2 g-1) (%) (g m-2)
N.S. 0.0022 0.0009
N.S. N.S. 0.0578 N.S.
0.0451 N.S. N.S. N.S.
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Table 4. Source-sink ratio (leaf area per seed and leaf nitrogen per seed) at the beginning of 
the seed filling period (R5.5) for experimental and elite soybean lines differing in seed 
protein concentration. Values are mean ± s.e. Values in columns followed by same letter are 
not significantly different at P=0.05.   
Experimental 2006 Low Protein 13.1 ±2.3 a 2.9 ±0.5 b
High Protein 48.5 ±6.3 b 7.8 ±1.1 a
2007 Low Protein 13.4 ±0.8 a 3.1 ±0.1 b
High Protein 34.2 ±1.9 b 4.8 ±0.3 b
P value year
P value Line
P value Y*L
Elite 2007 Low Protein 17.0 ±0.6 2.8 ±0.1
High Protein 26.7 ±1.7 4.3 ±0.2
P value
Lines Year Category
Leaf area per 
seed
Leaf nitrogen 
per seed
(cm2 seed-1) (mg seed-1)
N.S. 0.0407
N.S. N.S.
0.0429 0.0234
0.0201 0.0007
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CHAPTER 5. DEVELOPMENTAL DETERMINANTS OF 
SOYBEAN SEED COMPOSITION 
 
To be submitted to Crop Science 
 
José L. Rotundo, Lucas Borrás and Mark E. Westgate 
 
Abstract 
The composition of soybean seed is important for marketing purposes. Deficiencies in 
protein concentration preclude the production of high quality meal and limit competitiveness 
in international markets. The physiological processes that enable soybean seeds to 
accumulate high levels of protein are not fully understood.  We investigated the role of 
assimilate supply per seed in controlling rate and duration of accumulation of the major seed 
components. Closely related genotypes differing in seed protein concentration were grown in 
the field and exposed to manipulative treatments to increase (depoding) or decrease (shading) 
the amount of assimilates available per seed during seed filling.  Depoding increased the rate 
of protein, oil, and carbohydrate (residual) accumulation. But protein accumulation was most 
responsive to these treatments, resulting in an increase in final protein concentration. Shading 
decreased all seed components, mainly by  slowing the rate of accumulation. The rate of oil 
accumulation was the most affected, leading to a reduction in final oil concentration. In all 
cases, high protein genotypes were far less responsive than were the low protein genotypes to 
variation in assimilate supply per seed. A single hyperbolic function described the 
96 
 
relationship between assimilate supply per seed and seed component accumulation rates for 
all genotypes, treatments and years.  These results indicate a predominant influence of 
assimilate supply on soybean seed composition.  Expressing this maternal effect per seed 
provides a common basis to analyze genotypic and environmental variation in seed 
composition.  
 
Introduction 
Soybean seed composition is a fundamental benchmark in domestic and international 
marketing (Hurburgh, 1994; Brumm and Hurburgh, 2006). Optimal combinations of protein 
and oil in the seed ensure the production of high quality meal (Brumm and Hurburgh, 1990). 
Progress towards increasing seed protein concentration by traditional breeding has been 
hindered by negative correlations with yield and oil (Carter et al., 1982; Wilcox and Zhang, 
1997; Wilcox and Shibles, 2001).  Achieving both high yield and high protein concentration 
requires a much better understanding of the physiological processes that determine protein 
and oil accumulation within the developing seed.   
Protein and oil concentration are complex quantitative traits that result from an array 
of developmental and biochemical processes (Struik et al., 2005). Proximal values used by 
the seed industry, however, are simply mathematical ratios between protein (or oil) content in 
the seed (mg seed-1) and the sum of protein, oil and carbohydrates (total seed weight). 
Therefore, an observed genetic response to selection, environment or experimental treatment 
that raises seed protein concentration could have resulted from an increase in protein content 
per seed or a decrease in oil and/or carbohydrate content (Rotundo and Westgate, 2009).  The 
increase in final protein concentration could be related only indirectly to the capacity for 
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protein synthesis per se.  Moreover, similar protein and oil contents can be achieved through 
various combinations of rate and duration of component accumulation (Munier-Jolain et al., 
1998; Egli and Bruening, 2007).  By dissecting final seed composition into these 
developmental elements, open the possibility to identify specific physiological strategies that 
can be used to manipulate composition.  
Intuitively, affecting a more rapid rate of protein accumulation can be achieved by  
increasing capacity for assimilate (sucrose and amino acids) metabolism, or by increasing the 
supply of assimilates to the seed. Results from in vitro culture studies generally indicate that 
soybean embryos are capable of accumulating much more protein than they normally do 
growing in planta (Saravitz and Raper, 1995; Pipolo et al., 2004). This would imply a 
dominant role for assimilate supply from maternal tissues. Other studies, however, show that 
genotypic differences in protein accumulation persist even at saturating assimilate 
concentrations, implying some regulation of composition within the embryos (Hayati et al., 
1996). Results from in planta experiment suggest an important role of assimilate supply in 
determining final seed composition. For example, we recently reported that genotypic 
differences in seed protein concentration was closely associated with variation in assimilate 
availability per seed (Rotundo et al. 2009). The increase in assimilate supply per seed 
resulted from a decrease in seed set that negatively impacted seed yield.    
 The linkage between assimilate supply per seed and seed developmental processes 
that determine seed composition has yet to been evaluated in a systematic manner.  Jenner et 
al. (1991) proposed a conceptual model for response to assimilate supply that may provide a 
basis for distinguishing between zygotic and maternal controls of seed developmental 
process determining final seed composition (Fig. 1).  One alternative to explain genotypic 
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differences in protein concentration depends on the ability of the seed to synthesize seed 
components (zygotic control, Fig. 1a). An alternative possibility is that genotypes differ in 
the amount of assimilates supplied to the seed (maternal control, Fig. 1b). The position in x-
axis represents the maternal control on the rate of component accumulation as determined by 
the amount of assimilates supplied to the seed. The shape of the response curve represents the 
ability of the seed to metabolize assimilates supplied by the plant.  
A comprehensive test of this model (Fig. 1) as it applies to the accumulation of major 
seed components is currently lacking.  Our first objective (Obj. 1) was to assess the effect of 
manipulations in assimilate supply per seed on seed composition of individual lines known to 
differ in seed protein concentration. This analysis focused on final seed component 
concentration and also on the intermediate processes that determine it; component content, 
rate and duration of component accumulation. Our second objective (Obj. 2) was to evaluate 
which of the two alternative hypotheses derived from Jenner’s model better explained the 
observed variation in seed protein, oil and residual concentration among the genotypes and 
treatments imposed in this study. We first evaluated the relative contribution of protein, oil 
and residual content in determining final component concentration. Then we determined 
which developmental process (i.e. rate and/or duration) explained the variation in seed 
protein, oil and residual contents.  This approach assumed it was possible to distinguish 
genotypic differences in seed composition by dissecting this complex quantitative trait of into 
simpler elemental processes.  
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Materials and Methods 
Plant culture 
In 2006, the commercial variety Evans (MG 0) and experimental lines PR41, PR81 
(high protein lines) and PR142 (low protein line) were grown at the Iowa State University 
Hinds Research Farm located in Story County, Iowa.  These experimental lines are BC3F2:8 
progeny developed from crosses between Evans (36% protein) as recurrent parent and a high 
protein line (PI153296, 46% protein) or a low protein line (PI453472, 32% protein) as 
donors.  The experimental lines share approximately 94% of their genomes in common with 
the recurrent parent Evans.  Planting date was 10 May at 31 plants m-2 in 0.76 m rows. Plots 
were four rows 6 m long with three replications.  
            In 2007, the experiment was repeated at the Brunner Farm located in Boone 
County, Iowa.  The experimental lines were re-evaluated along with their recurrent parent 
Evans (Table 1). We also evaluated three elite varieties from the Iowa State University 
breeding program.  IA2068 was selected as a standard protein genotype; IA2034 and IA3011 
were selected for high seed protein concentration (Dr Walter Fehr, personal communication). 
Planting date was 16 May at 31 plants m-2 in 0.76 m rows. Plots were four rows 6 m long 
with three replications.  
 
Experimental treatments  
All lines were subjected to two treatments to alter assimilate supply per seed during 
seed filling. To increase assimilate availability per seed, approximately 50% of the pods at 
each node were removed at the beginning of the linear seed filling period (R5.5). While this 
treatment increases the assimilate availability per seed during linear seed fill, it can also 
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affect cotyledon cell number and potential seed size if applied earlier in seed development 
(Egli et al., 1989; Munier-Jolain and Ney, 1998).  Seed moisture content measured at R5.5 
indicated seeds of all genotypes were at a similar stage of development when the depoding 
treatment as imposed (Egli, 1990; Ney et al., 1993; Egli and TeKrony, 1997).   
To reduce assimilate supply per seed during seed filling, plots were covered with a 
shade cloth at R5.5 until maturity. This treatment decreased incident light above the canopy 
approximately 50%.  Seed number per plant at maturity was measured to determine the 
unintended impact, if any, of this treatment on seed abortion.   
 
Accumulation of seed components 
Pods were sampled from plants in 1 m of row each 5 to 6 days beginning at the onset 
of the linear seed filling and continuing until maturity. Because seeds within the soybean 
canopy differ in seed size at maturity, pattern of seed development, and seed component 
concentration (Escalante and Wilcox, 1993a; Escalante and Wilcox, 1993b; Egli and 
Bruening, 2006a; Egli and Bruening, 2006b), samples were collected from the upper third 
and the lower third of the canopy within each treatment. Seeds were dried at 65°C for 72 h 
and weighed.  Seed nitrogen concentration (%) was determined on ground samples by 
combustion (TruSpec CN, LECO). Seed protein concentration was estimated as %N x 6.25. 
Oil concentration was determined gravimetrically after extraction into hexane. The 
concentration of ‘residual’ carbohydrates and other seed components (i.e. minerals) was 
determined by difference.  
The rate and the duration of protein, oil and residual accumulation was estimated 
using a bi-lineal model with plateau:  
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Content (mg seed-1) = a + b TT for TT < c 
Content (mg seed-1) = a + bc for TT > c 
where TT is thermal time after R5 in °C day, a is the y-intercept (mg seed-1), b is the rate of 
component accumulation during the linear phase of seed filling (mg seed-1 °C day -1), and c is 
the duration of component accumulation (°C day).  The model was fitted for each replicate 
and for each seed component (i.e. protein, oil and residual) using Table Curve V 3.0 (Jandel 
Scientific 1991). Daily TT was calculated considering a base temperature of 8°C (Sinclair et 
al., 2003). Mean daily air temperatures were calculated as the average between the daily 
maximum and minimum temperatures obtained from a weather station located ca. 100 meters 
away from the experimental plots. 
 
Assimilate supply per seed 
Assimilate supply per seed was estimated following Borras et al. (2003) as the ratio 
between green leaf area at R5.5 and total seed number at maturity. At R5.5 we harvested 0.76 
m2 of above ground biomass from each plot. Green leaves were detached from plants and 
total green leaf area was measured with a LI-COR 3100 (Lincoln, Nebraska). At maturity, 
plants in a 2.28 m2 area were harvested in each replicate. These maturity samples were 
threshed, and total seeds weighed and counted. For the calculation of assimilate supply per 
seed in the shading treatment, it was assumed that a 50% reduction in incident light 
corresponded to a 50 % reduction in total green leaf area. This assumption likely 
overestimated the decrease in assimilate supply per seed due to shading since soybean 
canopies typically are saturated for incident radiation during grain filling. Any seed abortion 
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that might have been caused by shading was taken into account as seed number was 
measured at maturity. 
 
Experimental design and statistical analysis 
Experiments were arranged in a randomized complete block design. Canopy positions 
were analyzed separately. Statistical model for the experimental lines included year as 
random factor and line and treatment as fixed factors. The data were analyzed using the GLM 
procedure of SAS (SAS Institute 1999, Cary, NC) with the following model: 
Yijkl = µ + Yi + B(i)j + Gk + YGik + BG(i)jk + Tl + YTil + BT(i)jl + GTkl + YGTikl + BGT(i)jkl 
 
where Y = measured variable, Y = effect of year, B(i)j = effect of blocks within years, Gk = 
effect of genotype, Tl = effect of treatment, i= ith year, j= jth block, k= kth genotype and l= lth 
treatment. Tests of F were performed by B(i)j for Yi, YGik for Gk, BG(i)jk for YGik, YTil for Tl, 
BT(i)jl for YTil, YGTikl for GTkl, and BGT(i)jkl for YGTikl. Means were compared with a 
protected least significant difference (LSD) test at the 0.10 probability level (Steel and 
Torrie, 1980). The model for the elite lines included lines and treatments as fixed factors. 
Analyses were carried out with the GLM procedure of SAS with the following model: 
Yijk = µ + Bi + Gj + BGij + Tk + BTjl + GTjk + BGT(i)jkl 
 
where Y = measured variable, Bi = effect of blocks , Gj = effect of genotype, Tk = effect of 
treatment, i= ith block, j= jth genotype, and k= kth treatment. F tests for Gj, Tk and GTjk were 
conducted against a pooled error that included all the interactions with B(i)j (Steel and Torrie, 
1980). Means were compared with a protected least significant difference (LSD) test at the 
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0.10 probability level (Steel and Torrie, 1980). Simple regression analysis were conducted 
for the general analysis including all lines, treatments and years (Obj. 2),  
 
Results 
Seed component accumulation curves 
A bi-linear model with plateau was used to quantify genotype and treatment effects 
on the rate and duration of seed component accumulation.  A total of 198 curves were fitted 
to data for the three major seed components (protein, oil and residual). This data set included 
2 years, 4 genotypes, 2 canopy positions, 3 treatments and 3 replicates for the experimental 
lines, and 1 year, 3 genotypes, 2 canopy positions, 3 treatments and 3 replicates for the elite 
lines.  A subset of these accumulation curves is presented graphically to show the general 
appearance of the accumulation pattern of seed components (Fig. 2). Typically, four 
sampling dates defined the rate of component accumulation; two or three data points defined 
maximum accumulation. The R2 of these regressions were generally quite high, with average 
and minimum values of 0.94 and 0.72 for protein accumulation, average and minimum 
values of 0.96 and 0.73 for oil accumulation, and average and minimum values of 0.96 and 
0.71 for residual accumulation.  
 
Genotypic differences in seed composition and developmental processes 
As expected, lines differed in seed protein concentration. For the experimental lines, 
averaged across years and positions within the canopy, low protein lines had 35.7% protein 
while high protein lines had 40.0% protein (Table 1). This difference in concentration was 
due to higher seed protein content per seed in the high protein lines compared to low protein 
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lines (67.7 vs. 45.9 mg protein seed-1, respectively).  On average, the rate of protein 
accumulation in the high protein lines was more than double that of low protein lines (0.220 
vs. 0.103 mg protein seed-1 °C day-1, respectively). The faster rate of protein accumulation in 
the high protein lines did not translated into a doubling of the protein content, however, 
because the duration of protein accumulation was typically shorter in the high protein lines 
(318 vs. 457 °C day-1, respectively). 
Comparison among the elite lines yielded similar results (Table 2). High protein elite 
lines averaged 39.5% protein, while the low protein elite line was 33.3% protein. The greater 
protein concentration was due to higher seed protein content (89.8 vs. 49.4 mg protein seed-1, 
respectively). As with the experimental lines, greater protein content was due to more than 
double the rate of protein accumulation (0.214 vs. 0.102 mg protein seed-1 °Cday-1, 
respectively). And the duration of seed protein accumulation was slightly shorter in the high 
protein lines (433 vs. 492 °Cday-1, respectively). 
 
Effect of shading and depoding on seed composition 
Shading - Experimental lines: Shading during seed filling did not decrease seed 
protein concentration (Table 1).  In two cases (PR41(2007) lower canopy and PR41(2006) upper 
canopy), protein concentration actually increased in response to shading. There was slightly 
less protein, on average, in seeds of shaded plants, but numerical differences between shaded 
and control seeds were not significant (P>0.1). Shading slowed the rate of protein 
accumulation, but protein content (mg seed-1) remained relatively stable due to an increase in 
the duration of accumulation.   The response to shading was similar for seeds developing in 
the lower and upper canopy.  
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Shading decreased seed oil concentration significantly in the lower canopy in all 
cases except PR41(2007) (Table 1).  Seeds sampled from the upper canopy of Evans, PR142 
and PR84 in 2007, however, were not impacted by shading (P>0.1).  The decrease in oil 
concentration, when detected, was explained entirely by a slower rate of oil accumulation 
and reduction in oil content (mg seed-1). 
 The response of residual concentration to shading differed markedly between the 
lower and the upper canopy (Table 1). Residual concentration in the lower canopy generally 
increased in response to shading; in the upper canopy, shading increased residual 
concentration in only one case (Evans(2006)). The increase observed in the lower canopy was 
due largely to less protein and or oil accumulation.  In some cases, residual content remained 
fairly stable (eg. PR41(2006, 2007), Evans(2007) and PR84(2007)) in the lower canopy.  As noted for 
protein accumulation, stable residual content reflected a developmental compensation 
between a slower rate of accumulation and longer duration of accumulation.  
  
Depoding – Experimental lines: In general, depoding increased seed protein content 
and protein concentration (Table 1).  On average, the protein content responded more to 
depoding in the low protein genotypes, Evans and PR142 (50%), than it did in the high 
protein lines, PR41 and PR84 (31%). The response was even more dramatic in the upper 
canopy, where depoding increased protein content by 74% in the low protein genotypes and 
by 50% in the high protein genotypes.  The increase in protein content resulted from 
significantly faster rates of protein accumulation rather than increases in the duration of 
accumulation.  
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Depoding did not affect seed oil concentration significantly in most treatment 
combinations (Table 1).  Notable exceptions were Evans(2006), PR41(2006) and PR84(2007) lower 
canopy where oil concentration decreased (P<0.05).  Although depoding increased seed oil 
content significantly (P<0.001) at both canopy positions, oil concentration remained stable 
(or decreased).  This was due to the greater relative response of protein content to the 
depoding treatment.  
In general, the concentration of residual seed components was not affected 
significantly by depoding (Table 1).  Again, there were a few exceptions (e.g. Evans(2007) and 
PR142(2007) lower canopy and PR142(2006) upper canopy), where residual concentration 
decreased significantly (P<0.05).  Residual content, however, increased significantly in 
response to a faster rate and longer duration of accumulation in nearly all cases.  For 
Evans(2006), PR142(2006) and PR142(2007) upper canopy, an increased rate of accumulation 
alone determined the greater residual content  
 
Shading - Elite lines: For both high and low protein lines, decreasing assimilate 
supply per seed did not affect seed protein concentration in the lower canopy, and reduced it 
slightly in the upper canopy (Table 2). As observed in the experimental lines, shading slowed 
the rate of protein accumulation and decreased protein content in IA2068 and IA3011 
(P<0.001).   This response to shading was similar in the upper and lower canopy positions.  
Shading during seed fill only effected seed oil concentration in the lower canopy of 
IA2034, where it decreased from 20.3 to 16.4% (P<0.05).  Shading slowed the rate of oil 
accumulation and reduced seed oil content significantly (P <0.05). The duration of oil 
accumulation also was significantly shorter in the upper canopy of IA3011. 
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Residual concentration increased in the upper canopy in all elite lines and in the lower 
canopy of IA2034 (Table 2). In general, there tended to be less residual content in seeds of 
shaded plants, but numerical differences from control values were not significant. Increases 
in residual concentration were due to more detrimental effects of shading on protein and oil 
content compared to residual content.  
  
Depoding – elite lines:  Depoding increased seed protein concentration and content 
significantly in IA2034 (low protein) and IA3011 (high protein), but not in IA2068 (high 
protein) (Table 2). The response of protein content to depoding was greater for the low 
protein genotype IA2034 (43 to 54 %) than for the high protein genotype IA3011 (15 to 35 
%) across canopy positions. A similar pattern was observed in the upper canopy with IA2034 
responding 43% and IA3011 increasing 35%. Increases in protein content were associated 
with both a faster rate and longer duration of protein accumulation.  
           Depoding generally increased seed oil content in the elite lines (Table 2). 
Despite the greater oil accumulation, oil concentration was numerically lower in all cases and 
significantly lower in IA2034.  Depoding had a greater impact on the rate of oil accumulation 
in the upper canopy, but the increase in rate was significant only for IA3011.  The effect on 
the duration of oil accumulation was not consistent between canopy positions or among lines. 
Residual concentration, in contrast, was fairly stable in response to depoding.   In most of the 
cases, residual content increased, but this could be attributed to a significantly faster rate of 
accumulation only in but the upper canopy of IA2034.  
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Linkages between assimilate supply, seed developmental processes, and seed 
composition  
Seed composition data for all genotypes, treatments, canopy positions, and years were 
pooled to assess the relationship between component concentration and content (Fig. 3). The 
relationship between protein concentration and protein content clearly distinguished the 
experimental and elite lines. While the relationship was positive and significant for both 
groups, the experimental lines typically had a greater concentration of protein at all protein 
contents (Fig. 3a and 3b).  The relationships between seed oil concentration and oil content 
also were positive, but these distinguished the low and high protein lines, regardless whether 
derived from experimental or elite germplasm (Fig. 3c and 3d).  The magnitude of variation 
in oil concentration explained by variation in content, however, was much less than that 
observed for protein.  Interestingly, the relationships between residual concentration and 
content were negative.  Greater residual content was associated with a lower residual 
concentration, and the elite lines typically had a higher concentration at each content value 
(Fig. 3e and 3f).  
Variation in seed component content depends on two developmental processes, rate 
and duration of accumulation. The general trend over all genotypes, treatments and years 
showed a positive relationship between component content and rate of accumulation (Fig. 4). 
For both experimental and elite lines, the rate of protein accumulation explained 66% of the 
variation in seed protein content in lower canopy (Fig. 4a) and 75% of the variation in the 
upper canopy (Fig. 4b). Duration of accumulation was not clearly associated with seed 
protein content (Fig. 4c and 4d). The rate of oil accumulation explained 50% and 42% of 
variation in seed oil content, for upper and lower canopy positions, respectively (Fig. 4e and 
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4f). Likewise, there was no clear relationship between oil content and the duration of oil 
accumulation (Fig. 4g and 4h). As with the other seed components, variation in residual 
content was more closely related to the rate of accumulation than duration of accumulation 
(Fig. 4i-l). Thus for all three major seed components, the rate of accumulation was the 
developmental process most consistently and closely related to the final seed content.  
How was variation in rate of accumulation affected by assimilate supply per seed? 
Figure 5 shows that the rate of component accumulation increased asymptotically with 
assimilate supply per seed (estimated as leaf area per seed at R5.5) for all three major seed 
components.  The response was greatest for rate of protein accumulation, and there was a 
common response for upper and lower canopy positions, and for both experimental and elite 
lines.  Variation in assimilate supply explained ~75% of the observed treatment effects on 
rate of protein accumulation (Fig 5a and 5b), ~53% of the rates of oil accumulation (Figs. 5c 
and 5d), and ~40% of the rates of residual accumulation (Figs. 5e and 5 f). It is evident that 
high protein lines (triangles) generally provided greater assimilate per seed than did the low 
protein lines.  And that rate of accumulation, particularly for protein, was nearly saturated for 
assimilates (Fig. 5a and 5b). The arrows on the X-axes indicate the average level of 
assimilate supply per seed for the high protein lines was about double that for the low protein 
lines (Fig. 5a and 5b).  
 
Discussion 
Results from this study support the conclusion that assimilate supply to the 
developing embryo is a primary determinate of soybean seed composition. This was evident 
in the comparisons between high and low protein lines as well as in the responses of all lines 
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to shading and depoding treatments.  These results also show that the impact of assimilate 
supply on final seed protein and oil concentration can be dissected into the elementary 
developmental processes that determine final seed mass. Variation in assimilate supply per 
seed regulated final composition of the seed primarily through its effect on the rate of 
component accumulation.   
 
Role of assimilate supply on seed composition of individual lines (Objective 1) 
The analysis on individual lines showed that depoding increased the content of all 
seed components in large part by increasing the rate of their accumulation. In general, the 
increase in rate of component accumulation was markedly higher in the upper canopy 
compared to the lower canopy. This greater response of seeds in the upper canopy may 
indicate they were still undergoing cotyledon cell division when the depoding treatment was 
imposed.  If so, additional assimilate per seed would likely have had a positive effect on 
potential seed size and growth rate (Egli et al., 1985; Munier-Jolain et al., 1998).  
The increase in content due to depoding varied with each component; protein content 
was the most responsive resulting in a fairly dramatic increase in seed protein concentration 
in most cases. Others have shown that depoding increased seed protein concentration 
(McAlister and Krober, 1958; Kollman et al., 1974; Schonbeck et al., 1986).  But the relative 
effect on other seed components was not considered. To our knowledge, this is the first study 
to link variation in assimilate supply with the developmental patterns of the major seed 
components.  
Why does protein content respond more than the content of other seed components? It 
is reasonable to assume that depoding increases the relative availability of sucrose and amino 
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acids to the seed and that all major seed components (protein, oil, carbohydrates) would 
benefit from the increase in assimilate supply.  Rosche et al. (2005), however, reported that 
an increase in sucrose supply stimulated the onset of protein accumulation.  They suggested 
that sucrose acts as a signaling molecule to induce transcription of storage protein genes. The 
induction of storage protein genes plus the increased availability of sucrose and amino acids 
to support protein synthesis may explain the greater response of protein relative to other seed 
components.  It would be interesting to determine whether sucrose stimulation of storage 
protein synthesis was a phenomenon common to all legumes.    
Shading generally decreased seed component contents, primarily due to a decrease in 
accumulation rate.  Seed oil content, however, was more negatively affected than were 
protein and residual contents.  This resulted in a measurable decline in seed oil concentration 
with little or no change in protein and/or residual concentration. The level of shading 
imposed in this study (50%) likely increased the dependence of storage product accumulation 
on the mobilization of stored C and N reserves.  Less than 25% of carbon accumulated 
during reproductive development comes from storage remobilization, while 50 to 90% of 
nitrogen in the seed is remobilized from vegetative tissues (Egli et al., 1978; Warembourg et 
al., 1982; Chapin et al., 1990).  Also, 13C-labelling studies indicate that carbon assimilated 
late in the reproductive period of soybean (i.e. after R5.5) is partitioned preferentially to 
lipids rather than to protein (Yamagata et al., 1987). Combined with our study, these results 
strongly suggest that the rate of oil accumulation by the seed is more dependent on the 
concurrent supply of photosynthate during the seed filling than is the rate of protein 
accumulation.  This differential dependence on reserve C and N supplies may explain the 
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tendency of protein concentration to increase under adverse environmental conditions 
(Rotundo and Westgate 2009).   
 
Quantitative summary of the role of assimilate supply on seed composition (Objective 2) 
The final concentration (% dry weight) of individual seed components may not be 
directly related to final content in the seed because concentration is calculated with respect to 
other seed components.  This was readily apparent for oil and residual components for which 
there was no a clear relationship between concentration and content (Fig 3). Final protein 
concentration, however, was closely related to protein content in the seed. But even in this 
case, the experimental lines produced seeds with a higher concentration of protein at the 
same protein content per seed.   As such, variation in final component concentration is not a 
reliable indicator of environmental and/or genotype effects on component synthesis, which 
can be masked by dilution of other seed components (e.g. Jenner et al., 1991).   
Increases in seed component content were determined primarily by differences in rate 
of accumulation rather than duration of seed filling. This agrees with reports for seed protein 
concentration in soybeans (Egli and Bruening, 2007). The rate of accumulation may be 
related with supply, uptake and utilization of assimilates while duration may be related with a 
more general developmental program associated with photo-thermal effects on crop 
development (Jenner et al. 1991).  
A simple hyperbolic function fit the relationship between seed component 
accumulation rate and assimilate supply for all genotypes, canopy positions, years, and 
treatments (Fig 5).  Protein accumulation rate was highly responsive at low levels of 
assimilate supply, and the high protein lines were more saturated relative to assimilate 
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supply.  These results imply that successful selection for increased seed protein concentration 
occurred via increased assimilate supply per seed.  This led to faster rates of protein 
accumulation and therefore greater seed protein content. This result also suggests there may 
be limited potential to increase the rate of seed protein accumulation further by selecting for 
increased assimilates per seed; future increases in seed protein concentration may require 
reductions in partitioning to other seed components.  
To the best of our knowledge, this is the first comprehensive analysis linking 
assimilate supply per seed with the accumulation of major seed components in the seed. Our 
results clearly support Jenner et al. (1991)’s model of maternal control on seed composition 
(Fig. 1b), which accounted for accumulation of the three major components of soybean 
seeds. It is important to note, however, there was a differential response among seed 
components to variation in assimilate supply which determined the final seed protein 
concentration. Lhuillier-Soundele et al. (1999) showed a similar responsiveness of protein 
accumulation in pea (Pisum sativum L.), but other major components were not considered.  
From a breeding perspective, the development of high protein cultivars has been 
hampered by the negative correlation between protein concentration and seed yield. Results 
from our experiments indicate a key role of assimilate supply in determining high protein 
concentration (Fig. 1b). The increase in assimilates supply per seed, at least in this set of 
seven lines, was due to fewer seeds initiated per plant rather than greater leaf area per plant 
(Rotundo et al. unpublished data). Selection for increased seed protein concentration may in 
fact have been an indirect selection for decreased reproductive fecundity.  If so, suppression 
of seed formation provides a plausible physiological explanation of the apparent linkage 
between high protein concentration and lower yields.  Strategies to overcome the negative 
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correlation between seed yield and protein concentration, therefore, require a greater 
understanding of the genetic factors that control seed formation and their linkage to storage 
protein accumulation.  
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Figure 1. Hypothetical models to explain genotypic variation in final seed protein 
concentration.  (a): zygotic control -- genotypic differences in the rate of protein 
accumulation are controlled primarily by ability of the seed to metabolize assimilates into 
protein. In this example, genotypes producing low or high protein seeds supply a similar 
amount of assimilates to the seed. (b): maternal control -- genotypic differences in rate of 
protein accumulation are controlled by the amount of assimilates supplied to the seed. In this 
example, genotypes  producing high protein seeds supply near saturating levels of assimilates 
to the seed. Adapted from Jenner et al. (1991).  
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Figure 2. Time course of protein, oil, and residual accumulation in seeds developing in the 
upper third of the canopy. (a) to (c): low protein commercial line Evans, (d) to (i):  
experimental lines differing in seed protein concentration derived from Evans (LP, low 
protein; HP, high protein). (j) to (o): elite commercial lines differing in seed protein 
concentration. Closed symbols - control treatment, open symbols - shading treatment to 
reduce assimilate supply per seed, grey symbols - depoding treatment to increase assimilate 
supply per seed.  A bilinear model was used to estimate treatment effects on rate and duration 
of seed filling.  Data are the mean ± se (n=3). In some cases error bars are smaller than the 
symbols.  
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Figure 3. Relationships between seed component content (mg seed-1) and final component 
concentration (%) for all genotypes, treatments, and years in this study.  (a) and (b): protein 
concentration, (c) and (d): oil concentration, (e) and (f): residual concentration. (a, c, e): 
seeds developing in the lower third of the canopy, (b, d, f): seeds developing in the upper 
third of the canopy. Closed symbols: Evans and experimental lines. Open symbols: elite 
commercial lines.  Circles: low protein lines, Triangles: high protein lines. Each point is the 
average of three replications.  Regression lines in (a, b, e and f) distinguish experimental and 
elite lines.  Regression lines in (c) and (d) distinguish high or low protein lines. * P<0.05.   
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Figure 4. Relationships between seed component content and the rate of component 
accumulation or duration of component accumulation for all genotypes, treatments, and years 
in this study.  (a - d): protein content, (e - h): oil content, (i - l): residual content.  Closed 
symbols: Evans and experimental lines. Open symbols: elite commercial lines.  Circles: low 
protein lines, Triangles: high protein lines. Each point is the average of three replications.  
*Linear regression significant at  P<0.05 for rate of component accumulation in seeds 
developing in the lower and upper  third of the canopy . 
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Figure 5. Relationships between the rate of component accumulation and assimilate supply 
per seed for all genotypes, treatments, and years in this study.  (a, b): rate of protein 
accumulation, (c, d): rate of oil accumulation, (e, f): rate of residual accumulation. (a, c, e): 
seeds developing in the lower third of the canopy, (b, d, f): seeds developing in the upper 
third of the canopy. Closed symbols: Evans and experimental lines. Open symbols: elite 
commercial lines.  Circles: low protein lines, Triangles: high protein lines. Each point is the 
average of three replications.  *Regression significant at P<0.05.  Arrows indicate average 
values of assimilate supply per seed for control treatments of low protein (LP) lines and high 
protein (HP) lines. 
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Table 1. Seed component concentration (%), content (C, mg seed-1), rate of accumulation (R, 
mg °C day-1) and duration of accumulation (D, °C day) for control, shading, and depoding 
treatments of Evans and experimental lines.  LP: low protein genotypes, HP: high protein 
genotypes. Each value is the average of three replicates. * P<0.1; ** P<0.05; *** P<0.001; 
N.S. not significant. LSD(0.05?) for comparing means within columns. 
 
Year Line Treatment %† C R D % C R D % C R D % C R D % C R D % C R D
2006 Evans (LP) Shading 35.2 45.5 0.100 458 17.7 23.0 0.062 371 34.1 44.1 0.098 451 36.2 35.3 0.093 386 15.9 15.4 0.044 356 35.0 34.2 0.114 304
Control 37.1 50.6 0.121 423 21.1 29.0 0.083 349 28.8 39.2 0.088 457 37.7 42.5 0.090 477 17.7 20.1 0.068 297 31.6 35.7 0.090 402
Depoding 39.6 77.6 0.172 456 18.6 36.6 0.111 329 28.8 56.7 0.115 496 39.7 77.0 0.194 400 18.3 35.4 0.121 302 29.0 56.5 0.152 376
PR142 (LP) Shading 34.5 40.1 0.070 579 17.5 20.4 0.041 498 35.0 40.9 0.076 550 35.9 34.2 0.097 353 16.0 15.3 0.079 201 35.1 33.4 0.095 356
Control 36.0 45.7 0.105 443 19.2 24.3 0.063 395 31.8 40.4 0.069 613 36.2 36.5 0.103 355 17.7 17.9 0.089 203 33.2 33.5 0.088 379
Depoding 36.5 61.9 0.133 469 19.3 32.7 0.087 395 31.2 52.8 0.093 581 39.2 64.7 0.190 341 19.3 31.7 0.109 293 28.5 46.9 0.141 336
PR41 (HP) Shading 43.3 65.1 0.154 442 13.2 20.2 0.076 274 30.5 46.1 0.082 586 43.0 52.5 0.126 430 11.5 14.6 0.076 188 32.5 41.2 0.079 525
Control 44.0 72.9 0.249 306 16.2 26.8 0.094 296 26.8 44.6 0.139 320 41.6 54.8 0.158 349 15.6 21.0 0.089 248 29.8 39.3 0.135 302
Depoding 46.3 88.5 0.303 296 14.3 27.4 0.112 250 26.4 50.5 0.158 332 45.6 84.4 0.231 365 14.9 27.8 0.081 347 26.5 49.2 0.121 405
PR84 (HP) Shading 43.8 86.7 0.165 528 14.7 29.1 0.076 386 28.5 56.4 0.124 457 41.1 78.4 0.200 396 14.8 28.2 0.082 348 31.1 59.4 0.144 417
Control 42.2 75.2 0.202 375 17.2 30.9 0.078 395 27.6 49.3 0.105 470 41.7 79.3 0.260 314 17.0 32.0 0.092 360 28.3 53.3 0.149 365
Depoding 42.7 99.6 0.274 375 17.7 41.2 0.109 382 26.6 62.1 0.147 425 45.5 116.9 0.307 381 16.3 41.7 0.102 410 25.2 65.3 0.151 435
2007 Evans (LP) Shading 35.3 45.2 0.073 667 18.2 23.3 0.047 501 33.5 42.8 0.064 711 38.6 49.5 0.117 427 17.6 22.5 0.061 396 30.7 39.3 0.101 419
Control 34.5 49.6 0.109 463 21.0 30.2 0.067 455 31.5 45.2 0.107 433 36.6 49.7 0.123 408 18.8 25.6 0.079 340 31.6 43.0 0.103 447
Depoding 38.0 80.5 0.134 613 21.1 44.7 0.093 490 28.0 59.1 0.109 554 39.7 90.3 0.182 541 18.7 42.5 0.097 467 28.6 65.1 0.122 617
PR142 (LP) Shading 33.4 40.6 0.065 644 17.7 21.5 0.035 617 35.9 43.6 0.064 679 35.6 46.3 0.082 572 18.7 24.4 0.053 480 32.7 42.5 0.072 589
Control 33.3 45.7 0.077 596 20.4 28.2 0.055 525 33.3 45.8 0.088 535 34.4 46.5 0.095 491 19.6 26.4 0.065 410 33.0 44.6 0.091 489
Depoding 36.7 67.5 0.112 610 19.8 36.3 0.066 557 30.5 56.1 0.120 469 37.6 73.1 0.178 414 18.4 35.7 0.090 404 31.0 60.3 0.136 453
PR41 (HP) Shading 43.8 70.1 0.209 341 15.7 25.1 0.067 379 27.5 43.8 0.151 298 41.4 57.3 0.193 318 15.9 22.0 0.061 359 29.7 41.0 0.125 335
Control 40.7 68.6 0.254 272 16.8 28.3 0.093 303 29.5 49.7 0.199 254 39.2 49.9 0.238 218 17.0 21.7 0.095 229 30.8 39.2 0.160 246
Depoding 42.0 90.8 0.271 348 15.5 33.6 0.097 354 29.4 63.6 0.192 345 42.3 76.1 0.259 294 14.7 26.5 0.117 234 30.0 53.8 0.167 323
PR84 (HP) Shading 39.4 70.4 0.159 443 16.7 29.8 0.101 313 30.9 55.0 0.125 441 39.5 61.2 0.182 344 17.0 26.3 0.093 292 30.4 47.1 0.148 320
Control 40.2 77.0 0.201 388 18.1 34.6 0.106 331 28.7 55.0 0.194 285 38.8 63.7 0.200 328 17.6 28.9 0.113 259 30.6 50.1 0.208 244
Depoding 43.6 105.0 0.265 397 15.4 37.0 0.117 320 28.1 67.8 0.202 335 43.2 98.9 0.316 325 16.1 37.0 0.138 273 27.7 63.3 0.185 345
LSD 2.0 8 0.043 130 1.7 4.7 0.029 117 1.9 6.2 0.042 137 2.3 12 0.049 91 1.8 5.6 0.030 122 3.9 10.8 0.042 159
** NS NS ** NS NS NS ** * * ** NS *** NS NS NS ** *** NS *** NS NS ** NS
*** *** *** * *** ** NS NS *** *** * NS ** NS ** NS *** NS NS NS * NS NS NS
NS NS NS ** NS NS *** *** NS NS *** ** ** *** *** *** NS *** ** *** NS *** *** ***
* ** *** * ** *** ** NS * * NS NS * *** *** NS NS ** ** NS NS ** * NS
** * NS NS NS NS ** * ** *** ** NS NS NS NS NS *** ** NS NS ** NS NS NS
NS NS NS NS NS NS ** NS NS NS NS NS NS ** NS NS NS ** NS NS NS *** * NS
*** ** NS NS ** ** NS NS ** NS * *** NS NS NS ** NS NS NS * NS NS NS NS
†% = Component concentration (%)
Lower Canopy position Upper Canopy position 
Protein Oil Residual Protein Oil Residual
P value
Year
Line
Line*Year
Treatment
Treatment*Year
Treatment*Line
Treatment*Line*Year
R = Rate of accumulation (mg °C day -1 seed-1)
D = Duration of accumulation (°C day)
C = Component content (mg seed-1)
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Table 2. Seed component concentration (%), content (C, mg seed-1), rate of accumulation (R, 
mg °C day-1) and duration of accumulation (D, °C day) for control, shading, and depoding 
treatments of elite commercial lines.  LP identifies low protein genotypes and HP high 
protein genotypes. Each value is the average of three replicates. * P<0.1; ** P<0.05; *** 
P<0.001; N.S. not significant. LSD compares any mean within each column.  
 
Year Line Treatment %† C R D % C R D % C R D % C R D % C R D % C R D
2006 IA2034 (LP) Shading 34.5 43.1 0.083 538 16.4 20.6 0.051 427 36.1 45.2 0.077 592 33.1 40.6 0.093 462 18.1 22.2 0.070 319 35.8 43.9 0.112 396
Control 32.4 48.3 0.091 533 20.3 30.2 0.065 469 34.3 51.1 0.151 343 34.1 50.4 0.112 451 18.8 27.8 0.076 364 34.1 50.3 0.139 375
Depoding 36.9 74.2 0.156 477 18.0 36.2 0.083 440 32.1 64.6 0.197 333 37.3 72.2 0.170 435 17.1 33.2 0.087 385 32.6 63.1 0.211 322
IA2068 (HP) Shading 38.8 79.7 0.148 541 16.6 34.0 0.093 369 31.6 64.6 0.180 395 38.0 77.8 0.180 434 16.3 33.3 0.083 402 32.7 66.9 0.149 449
Control 39.2 91.2 0.205 461 17.1 39.9 0.110 362 30.7 71.5 0.226 320 40.4 93.6 0.237 399 16.1 37.4 0.109 343 30.5 70.7 0.152 469
Depoding 38.7 97.4 0.217 450 16.7 42.0 0.089 475 31.6 79.6 0.269 303 40.8 103.6 0.241 431 15.1 38.3 0.125 310 31.1 79.0 0.169 469
IA3011 (HP) Shading 37.5 78.3 0.150 525 17.9 37.5 0.083 462 31.6 66.2 0.112 589 38.4 71.0 0.173 412 16.7 30.9 0.088 351 31.9 59.0 0.121 496
Control 38.7 93.4 0.195 479 17.4 42.0 0.106 413 30.8 74.4 0.187 399 39.7 80.9 0.218 394 17.5 35.7 0.081 442 29.8 60.8 0.161 407
Depoding 41.5 107.8 0.197 549 17.1 44.4 0.114 399 28.4 73.8 0.197 387 41.8 109.9 0.269 418 16.0 42.0 0.120 368 29.2 76.7 0.154 500
LSD 2.5 8.0 0.036 117 1.5 4.2 0.026 139 2.3 7.9 0.058 130 1.0 7.2 0.060 131 1.5 4.5 0.026 90 1.9 5.0 0.047 107
*** *** *** NS ** *** *** NS *** *** *** ** *** *** *** NS *** *** *** NS *** *** NS ***
*** *** *** NS ** *** ** NS * *** *** *** *** *** *** NS ** *** *** NS *** *** *** NS
** *** NS NS ** * NS NS * NS NS NS *** ** NS NS NS NS NS * NS NS * NS
R = Rate of accumulation (mg °C day -1 seed-1)
D = Duration of accumulation (°C day)
Protein Oil
Lower Canopy position Upper Canopy position 
Residual Protein Oil Residual
P value
Line
Treatment
Treatment*Line
†% = Component concentration (%)
C = Component content (mg seed-1)
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CHAPTER 6. IDENTIFICATION OF ELEMENTAL PHYSIOLOGICAL 
PROCESSES CONTROLLING GENETIC VARIATION IN SOYBEAN 
SEED COMPOSITION 
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José L. Rotundo Silvia R. Cianzio and Mark E. Westgate 
 
Abstract 
Complex traits governed by many genes can be dissected into more elemental 
processes. For example, final protein concentration (SPC) in soybean seeds is determined 
predominately by accumulation (mg seed-1) of protein, oil and carbohydrate components. 
Increases in SPC can arise from increases in protein synthesis or by reductions in oil and 
carbohydrate accumulation. Likewise, component accumulation can be further dissected into 
rate and duration of net synthesis.  As such, similar values for SPC can result from a variety 
of developmental and metabolic strategies.  We have identified two such strategies to achieve 
high SPC within a population of F2 families segregating for SPC.  A subset of “high SPC” 
lines increased protein accumulation per se (mg seed-1) (Strategy 1).  A second subset of 
“high SPC” lines maintained protein content (mg seed-1) fairly constant but decreased the 
content of other seed components (Strategy 2).  These lines were screened with SSR markers 
to identify genomic regions associated with these two unique strategies. At some genomic 
regions, alleles from one parent determined one type of strategy while alleles from the other 
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parent determined the other strategy.   These results imply that different suites of genes 
determine these alternative strategies for achieving high SPC. Because different alleles at the 
same genomic region are responsible for high SPC, breeding may favor those that are not 
linked to reduced oil synthesis or seed yield.  If so, identifying these genes opens the 
possibility to overcome the commonly observed negative correlations between SPC, oil, and 
grain yield. 
 
Introduction 
The identification of genomic regions associated with traits of interest, known as 
QTL mapping, is usually conducted on complex traits that are controlled by several genes 
and whose expression is affected by environmental conditions (Bernardo, 2008).  One of the 
goals of QTL mapping is to identify genetic markers for selecting among progeny lines with 
traits (genes) of interest. The application of marker assisted selection for complex traits is 
hindered, however, by the polygenic nature of the trait, genetic background effects, and 
environmental impact on gene expression (Yin et al., 2003). A possible solution to this 
problem is to dissect complex traits into more elemental physiological processes that might 
be under simpler genetic control. This approach has been used to simplify analysis of crop 
leaf growth (i.e. Reymond et al., 2003) or phenology (i.e. Messina et al., 2006) but has not 
been applied to the study of seed composition (but see Burstin et al., 2007 and Charmet et al., 
2005). 
Although soybean seed protein concentration (SPC) can be considered a complex 
physiological trait (Struik et al., 2005), it is possible to dissect the final physiological 
outcome into more elemental developmental processes. SPC is determined predominately by 
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the accumulation (mg seed-1) of protein, oil and carbohydrate components. Likewise, the 
accumulation of each component can be dissected further into rate and duration of net 
synthesis. It is evident then that increases in SPC can occur from increases in protein 
synthesis or by reductions in oil and carbohydrate accumulation. These two physiological 
strategies to increase the value of the same trait likely involve very different metabolic 
pathways and therefore genes.  Likewise, similar seed protein contents (mg seed-1) can be 
attained by faster rates of accumulation and shortened seed fill duration, or by slower rates 
operating for longer periods. By implication, similar values for SPC can result from a variety 
of developmental and metabolic strategies.  It is not possible to distinguish among such 
possibilities by analyzing protein concentration of mature seeds.  
A number of studies have identified genomic regions (quantitative trait loci: QTLs) 
associated with high seed protein concentration. Brummer et al. (1997) identified different 
QTLs for high protein in diverse populations; but these displayed dissimilar stabilities across 
environments. Also, Nichols et al. (2006) fine mapped a region on Linkage Group I (Chung 
et al., 2003) previously associated with increased protein concentration. Lee et al. (1996) 
indentified four independent markers stable across locations associated with increased seed 
protein concentration. None of these reports identifying QTLs for seed protein concentration 
considered the physiological basis for the QTL effect, or even the potential for genetic 
variation in the elemental processes determining that trait. A logical first step towards 
identifying marker-associated genes that control a complex trait (i.e. candidate gene 
approach) is to resolve the primary physiological process conditioned by the marker(s). For 
example, if an increase in final protein concentration is based on increments in seed protein 
content, the associated gene activity may determine increases in assimilate supply to the 
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seed. Conversely, if protein concentration increases due to a reduction in oil and/or 
carbohydrate accumulation, gene activity may be related with an alteration of the metabolic 
pathways that control the accumulation of these products instead. From the vast literature 
about QTLs associated with seed protein concentration, it is not clear if they reflect different 
strategies leading to high SPC, or even if there is genetic variation in the elemental processes 
determining this trait. 
Therefore, our objective was to identify genotypic variation in elemental processes 
determining seed protein concentration. Specifically, we dissected SPC into protein, oil and 
residual contents (mg seed-1), and dissected each content accumulation into its specific rate 
and duration of accumulation. We demonstrate the existence of contrasting physiological 
strategies to attain the same high level of SPC. The DNA from a subset of lines expressing 
these two strategies then was assayed to associate elemental processes for these strategies 
with molecular markers previously linked to seed protein concentration.  
 
Materials and Methods 
Plant materials and growth conditions 
A total of 95 F2-derived families were developed from a cross between Evans and 
PI153296. Evans is a maturity group 0 cultivar (Lambert and Kennedy, 1975), selected as 
low protein parent with ~36% protein on a 13% moisture basis. PI153296 is a maturity group 
00 material selected as high protein parent with ~46% protein. They were grown at the Iowa 
State University Brunner Farm located in Boone County, Iowa. Plots were one-row and one 
meter long. Plots were over seeded and thinned to approximately 30 plants per row. In 2007, 
F2:3 families and parents were planted at 16 May (Environment 1) and June 8 (Environment 
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2) with 2 replications. In 2008, F2:4 families and parents were planted at 15 July 
(Environment 3) with 3 replications.  
 
Plant measurements  
For the early and late planting dates in 2007 (Environment 1 & 2, respectively), pods 
from the 95 families and parents were sampled weekly between R5.5 to R8 (5 times) from 
the three central nodes of four consecutive plants Seeds were removed from pods, counted, 
and dried at 65°C for 72 h. A bi-linear model with plateau was adjusted to estimate final seed 
size and the rate and duration of seed growth:  
Seed weight (mg seed-1) = a + b TT for TT < c 
Seed weight (mg seed-1) = a + bc for TT > c 
where TT is thermal time after R5 in °C day, a is the y-intercept (mg seed-1), b is the rate of 
seed growth during the linear phase of seed filling (mg seed-1 °C day-1), and c is the duration 
of component accumulation (°C day).  The model was fitted for each replicate using Table 
Curve V 3.0 (Jandel Scientific 1991). Daily TT was calculated considering a base 
temperature of 8°C (Sinclair et al., 2003). Mean daily air temperatures were calculated as the 
average between the daily maximum and minimum temperatures obtained from a weather 
station located ca. 100 m from the experimental plots.   
Seed protein and oil concentration was measured on the last seed sample collected 
during seed development. Dry sample was ground and seed nitrogen concentration (%) was 
determined on a 25 mg subsample by combustion (TruSpec CN, LECO). Seed protein 
concentration was estimated as %N x 6.25. Oil concentration was determined gravimetrically 
after extraction into hexane of another 50 mg ground sample. The concentration of ‘residual’ 
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carbohydrates and other seed components (i.e. minerals) was determined by difference. Seed 
component contents (mg seed-1) were calculated from component concentration and seed dry 
weight. The rates of protein, oil and accumulation were estimated as seed component content 
(mg seed-1) divided the effective seed filling period (°C day).  
In 2007 (Environment 3), seed of the parental lines and 95 F2:4 families were sampled 
only at R8. Pods were collected from the three central nodes of all plants. Seeds were 
removed from pods, counted, dried at 65°C for 72 h, and weight to calculate individual seed 
mass. Seed protein, oil and residual concentration and content were estimated as in 2006.  
 
Molecular marker evaluation  
One young leaf (not fully expanded), from the apex of 15 plants in each parent and 
family was sampled at V4 (Fehr and Caviness, 1977). Samples were frozen immediately in 
liquid nitrogen, freeze-dried and stored at -80°C. DNA was extracted from selected lines and 
parents with CTAB buffer according to CIMMYT (2005) protocol. Polymerase chain 
reaction (PCR) reactions were prepared with GoTaq® green master Mix (Promega, Co.). PCR 
products were analyzed by electrophoresis in 3% (w/v) MetaPhor® agarose (Rockland, ME) 
gels and stained with ethidium bromide. DNA samples of parents were assayed with 26 SSR 
markers from Linkage Group A1 and I (Appendix 1) previously associated with high seed 
protein concentration (Song et al., 2004). Ten of these markers were polymorphic between 
parental lines, and were subsequently evaluated in selected subsets of the F2:3 families.  
A subset of families was selected to conduct selective genotyping (Navabi et al., 
2009). First, we identified families that accumulated more than 40% protein (13% moisture). 
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From this group, families having extreme high or low protein content (mg seed-1) were 
selected. Six families were selected within each extreme phenotype for further analysis.  
 
Statistical analysis 
Analyses of phenotypic data were carried out with the GLM procedure of SAS (SAS 
Institute 1999, Cary, NC) with the following model: 
Yijk = µ + Ei + Bj(i) + Fk + FEki + FBkj(i) 
 
where Y = measured variable, Ei = effect of environments, Bj(i) = effect of blocks nested 
within environment, Fk = effect of families, i= ith environment, j= jth block, and k= kth 
families. All the factors were considered random. F tests for Ei, Fk and FEki were conducted 
against Bj(i) , FEki and FBkj(i) , respectively (Steel and Torrie, 1986).  
Single-factor analysis of variance (PROC GLM) was used to test associations 
between traits and allelic segregation at each marker. We used the following model:  
Yijkl = µ + Ei + Bj(i) + Mk + MEki + MBkj(i) + Fj(k) + FEli(k) + FBlj(ik) 
 
where Y = measured variable, Ei = effect of environments, Bj(i) = effect of blocks 
nested within environment, Mk = effect of allele at marker, Fj(k) = effect of family nested 
within marker allele, i= ith environment, j= jth block, k= kth marker allele and j=jth marker. 
Environments and blocks were considered random factors while marker and family were 
considered fixed factors. F tests for Ei, Mk, MEki, Fj(k)  and FEli(k) were conducted against Bj(i), 
MEki, MBkj(i), FEli(k) and FBlj(ik), respectively.  
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Results 
Variation of seed traits among families 
As expected, significant genotypic variation was observed in seed protein, oil and 
residual concentration (Fig. 1). Seed protein concentration ranged from 36 to 46%, oil ranged 
from 13 to 19% and residual from 40 to 48%. There was little evidence of transgressive 
segregation beyond parental trait values for seed protein and oil concentration in any of 
environments evaluated. Transgressive segregation was observed for seed residual 
concentration particularly in environments 2 and 3. Seed component contents (mg seed-1) 
also showed significant variation among the families (Fig 1). Seed protein content ranged 
from 40 to 80 mg protein seed-1; oil content ranged from 16 to 30 mg oil seed-1; residual 
ranged from 30 to 58 mg residual seed-1. A few families had protein content greater than the 
high protein parent in environment 1 and 3 (Fig. 1). There were a number of families, 
however, that segregated well beyond the parental values for seed oil (environment 1 and 3) 
and residual contents (all cases).  
The rates of protein, oil and residual accumulation were estimated for the 95 families 
plus the parental lines in environment 1 and 2. These developmental parameters were 
estimated because of the impossibility of conducting 1900 determinations of nitrogen and oil 
(95 families x 2 replications x 2 environments x 5 samplings). To estimated rate and 
duration, we assumed the onset of linear component accumulation was the same for all 
components, and that component accumulation ended at the same simultaneously.  A 
preliminary comparison of estimated versus measured rates across the range of rates 
encountered in this population indicated acceptable agreement for protein, oil and residual 
seed components (Fig. 2). Estimated rates of protein accumulation ranged from 0.14 to 0.28 
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mg seed-1; oil accumulation rate ranged from 0.04 to 0.12 mg seed-1; residual accumulation 
rate ranged from 0.06 from 0.20 mg seed-1 (Fig. 3). There was transgressive segregation from 
these traits. The duration of component accumulation ranged from 200 to 600 C° day-1 and 
transgressive segregation also was observed for this trait.  
Environmental conditions during seed filling also affected seed protein, oil and 
residual concentration along with the elemental processed determining these complex traits 
(Table 1 & 2). In all cases, environment by family interactions indicated that rankings of 
families changed in the two different environments evaluated.  
 
Divergent strategies to achieve high seed protein concentration 
The first step towards dissecting the complexity of increasing seed protein 
concentration was to determine whether it reflected greater protein content per seed or less 
oil and residual content. In all three environments evaluated, it was possible to identify two 
subsets of families that achieved high seed protein concentration using one or the other of 
these physiological strategies (Fig. 4). The first subset of families selected (Strategy 1) had 
seed protein content similar to the low protein parent (Evans).  Therefore, the high level of 
SPC resulted from a reduction in the content of the other seed components (oil and residual). 
The second subset of families, (Strategy 2) had high protein concentration due to an increase 
in seed protein content. The seed protein content of this subset of lines was similar to that of 
the high protein parent PI153296.  
The next step in dissection was to assess the respective roles of rate and duration on 
seed component accumulation. Figure 5 shows the various combinations of rate and duration 
of protein accumulation used to attain a given value of protein content by the parental lines 
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and selected progeny using Strategy 1 and 2. For example, in environment 1 (Fig 5a), same 
protein content (50 mg) can be attained with a protein accumulation rate of 0.23 mg °C day-1 
and duration of 200 °C day-1 or with an accumulation rate of 0.14 mg °C day-1 and duration 
of 400 °C day-1 (Fig. 6b).  
 
Molecular marker associated with elemental processes determining seed protein 
concentration 
10 out 26 SSR markers screened were polymorphic in the parental lines. For most of 
the SSR markers evaluated, there was no meaningful effect of allelic variation for seed 
protein concentration (Table 3). This was expected since the analysis was conducted only on 
selected genotypes having >40% protein on a 13% moisture basis. For seed protein content 
(mg seed-1) several markers on LG A1 (Satt471, Satt526, Satt364) accounted for about 30% 
of the variation in this trait. Families receiving Evans alleles had greater seed protein content 
than families with PI alleles at those loci. Interestingly, these genomic regions were not 
associated with the accumulation of seed oil (mg seed-1), but were associated with the content 
of residual carbohydrates. Markers associated with residual content on LG A1 were Satt471, 
Satt526, and Satt364. Families receiving the Evans allele developed higher protein content 
compared with families receiving alleles from the PI153296. Only one marker on LG I, 
Satt571, accounted for a significant proportion of the variation in seed component contents. 
In this case as well, families receiving Evans alleles developed higher seed protein, oil and 
residual contents compared to the families receiving the PI153296 allele. No environment by 
marker class interaction was detected for any of the markers and traits evaluated (data not 
shown). 
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Discussion 
Trait dissection into more elemental physiological processes is becoming a valuable 
approach to understand the genetic basis of complex quantitative traits (Hammer et al., 2005; 
Yin et al., 2004). Seed protein concentration can be dissected into the relative contribution of 
protein content, oil content and residual content. We showed for the first time that dissecting 
soybean seed protein concentration into its elemental processes exposed different 
physiological strategies for developing germplasm with high seed protein concentration. 
High SPC can be attained by increases in protein synthesis per se or by reductions in the 
synthesis of the other seed components. Further dissection can be conducted by studying seed 
component accumulation in terms of the rate and duration of seed components accumulation 
(Sadras and Egli, 2008).  
By analyzing these traits in a segregating population, we observed substantial 
genotypic variation for the elemental processes that determine SPC. Two subsets of F2 
derived families were selected that increased SPC via increased protein synthesis (Strategy 1) 
or via reduced oil and carbohydrate synthesis (Strategy 2). Interestingly, these strategies to 
achieve high SPC were not linked to specific patterns of seed development. These results 
imply that seed development and composition might be under independent genetic control. 
This result opens the possibility for breeding by design (Peleman and van der Voort, 2003) 
where selection can be conducted to “design” genotypes that accumulate a given amount of 
protein in the seed by either high rates and low duration or low rates and longer durations of 
seed fill.  
Genomic regions on LG AI between 27.95 and 28.95 cM were strongly associated 
with protein and residual contents. Families receiving Evans alleles in this region utilized 
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Strategy 1 (higher protein content) to achieve high seed protein, while families receiving 
PI153296 allele utilized Strategy 2 (lesser residual content). It is particularly interesting that 
the parent with the low seed protein content, Evans, provided alleles that contributed to 
greater protein content in the seed of its progeny. A number of others have observed a similar 
phenomenon (Chung et al., 2003; Csanadi et al., 2001; Fasoula et al., 2004; Hyten et al., 
2004; Lee et al., 1996). In the case of Evans, its alleles may determine greater leaf area than 
PI153296 develops. If the additional leaf area impacts assimilate supply per seed, this will 
likely increase seed protein content, as we observed earlier in Chapter 5.  
The fact that different alleles at the same genomic region determine high SPC has 
three important implications. First, in a conventional QTL analysis the markers mapping in 
this region would probably not be informative for SPC; some high SPC families would have 
Evans alleles while others have PI153296 alleles. The association to high SPC would have 
not been detected. Dissecting SPC into component contents, however, exposed this genomic 
region as important in determining protein and residual synthesis.  
Second, negative correlations between high SPC and seed oil concentration and/or 
yield have been attributed to pleiotropy or genetic linkage (e.g. Chung et al., 2003; Lee et al., 
1996; Orf et al., 1999). If genetic linkage were the main cause, our results may provide a 
means to overcome these negative effects. If a hypothetical yield limiting allele were present 
in PI153296 in the region between 27.95 and 28.95 cM on LG A1, it would still be possible 
to increase SPC with an Evans allele that may not be linked to a yield drag allele.  
Finally, knowledge about the genomic regions associated with more elemental 
processes would help us identify genes responsible for the complex trait of interest. Based on 
this analysis, we know that putative genes in these regions may be involved functions in that 
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increase assimilate to seeds that leads to increased seed protein content (Rotundo et al. 2009) 
or such genes may regulate oil and/or carbohydrate synthesis. Recent report of QTLs for SPC 
in Pea (Pisum sativum L.) associated high SPC with genomic regions containing genes 
coding for cell wall biosynthesis (Burstin et al., 2007). However, there was no mechanistic 
linkage between cell wall biosynthesis and seed protein concentration considered (Burstin et 
al., 2007). Results from our research may indicate that SPC of these Pea genotypes could be 
associated with strategy 2 that is reduced synthesis of carbohydrate in the seed.   
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Figure 1. Frequency distribution for protein, oil and residual concentration and content in F2 
derived families grown in three environments. (a) to (f): 2006 (Environment 1); (g) to (l): 
2007 (Environment 2); (m) to (r): 2007 (Environment 3). Values included for each line are 
the average of two replicate samples in 2006 and three replicate samples in 2007. The gray 
arrow indicates values for Evans, the low protein parent. The black arrow indicates values for 
PI153296, the high protein parent.  
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Figure 2. Estimated vs. measured rate of (a) protein, (b) oil, and (c) residual component 
accumulation. Data are from two samples from 6 randomly selected families. Bars indicate 
standard error. Dotted line indicates the 1:1 line.  
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Figure 3. Frequency distribution for rate of protein, oil and residual accumulation and 
effective seed fill duration of F2 derived families grown in three environments.  (a) to (f): 
2006 (Environment 1); (g) to (l): 2007 (Environment 2); (m) to (r): 2007 (Environment 3). 
Values included for each line are the average of two replicate samples in 2006 and three 
replicate samples in 2007. The gray arrow indicates values for Evans, the low protein parent. 
The black arrow indicates values for PI153296, the high protein line.  
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Figure 4. Comparison of seed protein concentration and seed protein content of F2 derived 
lines displaying different strategies to attain high seed protein concentration. Empty and 
filled circles represent selected families having >40% of protein and contrasting levels of 
protein content. Grey square: low protein parent Evans; grey triangle: high protein parent 
PI153296. (a): 2006 (Environment 1); (b): 2007 (Environment 2); (c): 2007 (Environment 3). 
Each value is the average of two replication in 2006 and three in 2007. Bars indicate standard 
error 
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Figure 5. Seed protein accumulation rates and durations to attain similar contents of protein 
associated with the two strategies described in Figure 4. Empty and filled circles represent 
selected families having >40% of protein and contrasting levels of protein content. Grey 
square: low protein parent Evans; grey triangle: high protein parent PI153296. (a): 2006 
(Environment 1); (b): 2007 (Environment 2); (Environment 3). Each value is the average of 
two replicates in 2006. Dashed lines indicate isolines of equal seed protein content.  
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Table 1. ANOVA for all the F2 derived families and environments for protein, oil and 
residual concentration and contents. Effects were considered significant at P<0.05. SS = sum 
of squares and MS = mean square.  
Source df SS MS SS MS SS MS SS MS SS MS SS MS
Environment 2 68.6 34.3 542.0 271.0 948.6 474.3 165.9 82.9 859.0 429.5 3763.8 1881.9
Block(E) 4 3.3 0.8 5.5 1.4 8.1 2.0 908.0 227.0 236.2 59.1 411.2 102.8
Family 94 1093.2 11.6 422.8 4.5 440.9 4.7 14443.5 153.7 3075.4 32.7 7302.6 77.7
FxE 188 297.4 1.6 155.6 0.8 113.6 0.6 6234.5 33.2 1589.0 8.5 3733.2 19.9
FxB(E) 376 322.6 0.9 219.9 0.6 165.6 0.4 6837.7 18.2 1482.1 3.9 3881.5 10.3
F for Environment
F for Family
F for FxE
*P<0.05
**P<0.001
***P<0.0001
(mg seed-1)(mg seed-1)(mg seed-1)(%)(%)(%)
2.1***
3.9***
7.3* 18.3*
3.9***
1.9***
4.6***
0.4NS
1.4*
7.8***
233.8***
1.4*
5.4***
195.5***
1.8***
42.0*
7.4***
1.8***
Protein Oil  Residual  Protein content Oil content Residual content 
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Table 2. ANOVA for all the F2 derived families and environments for rate of protein, oil and 
residual accumulation and seed fill duration. Effects were considered significant at P<0.05. 
SS = sum of squares and MS = mean square.  
Source df SS MS SS MS SS MS SS MS
Environment 1 0.0009 0.0009 0.0001 0.0001 0.0003 0.0003 15 15
Block(E) 2 0.0008 0.0004 0.0001 0.0001 0.0002 0.0001 3685 1843
Family 94 0.3229 0.0034 0.0567 0.0006 0.1669 0.0018 1227069 13054
FxE 94 0.2248 0.0024 0.0378 0.0004 0.1192 0.0013 998600 10623
FxB(E) 188 0.2803 0.0015 0.0473 0.0003 0.1477 0.0008 1021445 5433
F for Environment
F for Family
F for FxE
*P<0.05
**P<0.001
***P<0.0001
1.5* 1.4ns 1.2ns
1.6** 1.6* 1.61* 2.0***
(mg seed-1 °Cday -1) (mg seed-1 °Cday -1) (°Cday -1)
2.4ns 1.0ns 2.8ns 0.01ns
Rate of protein 
accumulation 
Rate of oil 
accumulation
Rate of residual 
accumulation
Seed filling 
duration
(mg seed-1 °Cday -1)
1.4*
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Table 3. Association between allelic variants for ten polymorphic SSR markers on linkage 
groups A1 and I and protein concentration and protein, oil and residual contents evaluated in 
three environments. Marker-trait association was considered significant at P<0.05. R2 
represents the proportion of the total variation explained solely by the marker.  
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Satt276 A1 17.60 42.6 41.4 41.8 0.047 4.1 73.0 61.4 61.0 0.031 12.5 25.5 23.8 23.3 ns - 50.6 43.7 43.0 0.015 8.6
Satt471 A1 27.95 42.6 39.9 41.8 0.011 19.1 72.7 51.3 61.0 0.012 34.2 26.0 21.9 23.3 ns - 49.7 38.9 43.0 0.017 16.0
Satt526 A1 27.98 42.6 41.0 42.0 0.041 15.5 72.7 63.5 57.7 0.025 33.5 26.0 25.8 21.3 0.026 26.0 49.7 45.4 40.7 0.013 22.0
Satt364 A1 28.95 42.0 41.4 41.8 ns - 70.1 62.5 58.0 0.014 28.5 26.3 24.4 21.9 ns - 48.6 44.5 41.0 0.023 19.0
Satt300 A1 30.95 41.7 41.4 42.0 ns - 63.1 62.5 61.2 ns - 23.7 24.4 23.0 ns - 44.6 44.5 42.7 ns -
Satt155 A1 32.68 42.6 42.1 41.4 0.001 10.0 72.7 61.8 59.6 0.011 26.5 26.0 23.1 23.1 ns - 49.7 42.6 42.6 0.011 14.0
Satt571 I 18.50 41.8 41.6 41.8 ns - 68.6 53.2 62.7 0.011 24.1 26.6 19.0 24.0 0.040 25.3 47.6 39.3 44.0 0.033 11.4
Satt367 I 27.98 41.7 - 41.9 ns - 61.3 - 64.6 0.015 2.5 23.4 - 24.2 ns - 43.2 - 45.6 0.003 2.1
Satt587 I 31.49 40.9 41.5 42.2 ns - 64.9 63.1 60.4 ns - 26.8 23.9 22.6 ns - 46.4 45.2 41.6 0.006 7.1
Satt354 I 46.22 42.8 41.4 41.7 ns - 56.2 63.1 63.9 ns - 19.3 24.4 24.5 ns - 39.0 44.9 44.2 ns -
36.5 44.6 51.9 69.9 26.3 20.7 45.3 45.8Parental means
Genotypic classes 
means
Marker LG cM
Protein concentration (%) Protein content (mg seed-1) Oil content (mg seed-1) Residual content (mg seed-1)
Genotypic classes 
means
Genotypic classes 
means
Genotypic classes 
means
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Appendix 1. Sequence of primers for SSR markers evaluated.  
 
SSR 
locus Upper primer sequence (5'-->3') Lower primer sequence (5-->3') 
Satt571 GGGTAGGGGTGGAATATAAG GCGGGATCCGCGGATGGTCAAAG 
Satt451 GCGCAATTAAAAGGATAACTTATATC CCCCTCTTTGGCCCTCACACCTTCTC 
Satt419 GCGCCATGACGCCAGCTTGCTTTTCC GCGCCATTATATACAAATTACGATCAT 
Satt562 GCGGATTGACTGAGATGTTTAT GCGGCGGCAGGTTAAATGGATTGA 
Satt367 GCGGATATGCCACTTCTCTCGTGAC GCGGAATAGTTGCCAAACAATAATC 
Satt587 GCGAATGGTTGCTCAAATAATC GCGCAAACCGCACAAGTTTATGT 
Satt614 CTCCCCTTTAACCTTTCCTTTATTAG GCGCGGTAGGAATTAATTGTAGATAGGAT 
Sctt012 CCATTATCGCACATCATT GCTGCATTTTCCCTCTA 
Satt700 GCGGGGGTTAAGAGGAGGAAAAATA GCGCACTTTGCAAATGAGAGAT 
AB002807 GCGATAACAACAACAACAACAAATGAATA GCGACATTGTCCCCAAAAATAACA 
Satt127 CGCTTGTGAACCCTGCTAAA CCATCCTCTGAAACCGTTATCT 
Sat_219 GCGTCATGCCACGTGATATTTTAT GCGTGTGTCCCAAATGTGATTCA 
Satt496 GCGATCCCTTTATGTTGGTATTACATT GCGGCACACAAGTAGTTGTGAAACTAA 
Sat_174 TACGAAATATTGCAAGAGATACATT GCCTTAGATCAATTGTGATAAAAA 
Satt239 GCGCCAAAAAATGAATCACAAT GCGAACACAATCAACATCCTTGAAC 
Satt354 GCGAAAATGGACACCAAAAGTAGTTA GCGATGCACATCAATTAGAATATACAA 
Sat_105 TTCCATACAAGATATCAAGTGAATTG GCTCCCCTACATTGGTAGTAAA 
Satt270 TGTGATGCCCCTTTTCT GCGCAGTGCATGGTTTTCTCA 
Sat_385 GCGAGTTATGATGAAATAAATCTAAGTCAAT GCGTAGTTGCAAAGTTGTAGTAG 
Satt155 AGATCCAACACCTGGCCTAAT GCTGCACAATTCATTCCATTT 
Satt300 GCGCCCACACAACCTTTAATCTT GCGGCGACTGTTAACGTGTC 
Satt526 GCGGCAAATTCTAATGACTG GTCGGAGTTCTCAGTCTACCTGTC 
Satt364 GCGGCATAAGTTTTCATCCCATC ATCGGGTCATGACTTTTGAAGA 
Satt042 GACTTAATTGCTTGCTATGA GTGGTGCACACTCACTT 
Satt471 GCGCCCAAAACTATCTAGTAATTCTT GGGCTATCAAATTGACTAAAGCCAAA 
Satt276 GCGGACGGTAAGGACTATTTATGATA GCGTCAGATGAAAAAAAATAAGATAC 
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CHAPTER 7: GENERAL CONCLUSIONS 
There has been a long tradition of experimentation focused on understanding 
environmental and genotypic effects on soybean seed composition. For the most part, 
however, these studies have been descriptive with much left to understand about the 
physiological bases of the observed environmental and genotypic effects.  
For example, it was not clear how environment during seed filling changed seed 
composition. Does stress promote the synthesis of certain seed components? Or are there 
differential detrimental effects on component accumulation that determine numerical changes 
in final composition? The research undertaken here clearly demonstrated that increases in 
concentration due to environmental conditions do not necessarily result from a stimulation of 
component synthesis.  During water stress or high temperature stress, synthesis of all the 
major seed components is inhibited.  Differences in concentration result primarily because 
accumulation of individual components is not inhibited to the same extent. We hypothesize 
the mechanism explaining this differential sensitivity is related with the relative importance 
of remobilization and current assimilation of C and N to the different seed components.  
 It also was not clear how water stress affected seed protein concentration without 
affecting seed growth rate. Was there compensation between seed component accumulation? 
Or were there differential susceptibilities of accumulation duration? These studies show that 
seed growth rate is conserved and occurs via compensation among seed components, which 
ultimately leads to the observed change in final composition. Moreover, the developmental 
processes that determine the content of the major seed components (rate and duration of 
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protein, oil, and carbohydrate accumulation) respond independently to water stress.   To our 
knowledge, this is the first time such independence has been demonstrated.  
Another issue that merited investigation was the contradictory results observed in the 
literature about the role of assimilate supply in determining genotypic differences in seed 
composition. It was possible to resolve these genotypic differences in seed composition at the 
whole plant level by evaluating responses to changes in assimilate supply on an ‘assimilate 
per seed’ basis.  The result of this study support the hypothesis that genetic improvement in 
seed protein concentration in soybean has been closely coupled with greater assimilate 
availability per seed. Unfortunately, this coupling also appears to be linked to decreased 
reproductive fecundity, as high protein lines always set fewer seeds.   
We also determined which developmental processes (component accumulation rate 
vs. duration) was most affected by variation in assimilate supply. The experimental approach 
tested whether the impact of assimilate supply on final seed protein and oil concentration 
could be dissected into the elementary developmental processes that determine final seed 
mass.  We discovered that variation in assimilate supply per seed regulated final composition 
of the seed primarily through its effect on the rate of component accumulation.  
Finally, this research exposed the existence of different physiological strategies to 
determine high seed protein concentration (SPC), even within closely related lines. Two 
strategies were identified from within a set of recombinant inbred progeny lines that 
produced seed with the same high concentration of protein.  One subset of “high SPC” lines 
increased protein accumulation per se (mg seed-1) (Strategy 1).  A second subset of “high 
SPC” lines maintained protein content (mg seed-1) fairly constant but decreased the content 
of other seed components (Strategy 2).  Genetic marker analysis of lines using these two 
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physiological strategies to increase seed protein concentration strongly suggests they involve 
very different metabolic pathways and therefore different complements of genes. The results 
of this research open the possibility for a more rational strategy for gene discovery to 
improve seed composition while maintaining seed yield.  
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